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ABSTRACT
MOLECULAR ROLES OF SMALL INNER MEMBRANE PROTEINS IN ESCHERICHIA COLI CELL
ENVELOPE INTEGRITY
by
Aaron Mychack
The biological membrane is an essential, defining feature of all cells. Biological membranes comprise
phospholipid bilayers as well as a complement of proteins which are unique to a given organism. These
proteins play a central role in dictating the biochemical state of the cell’s internal cytoplasm by controlling
selective passage of solutes in and out of the cell, transducing signals in response to extracellular stimuli,
and controlling the biogenesis of the bilayer itself which is critical towards barrier function. For most bacteria,
the periphery of the cell is multi-layered, including both a biological membrane as well as a peptidoglycan
cell wall, collectively referred to as the cell envelope. The cell envelope of Escherichia coli, as well as most
other Gram-negative bacteria, is distinguished by the presence of two biological membranes, referred to as
the inner and outer membrane which form a compartment separated from the cytoplasm known as the
periplasm. The cell envelope proteome of E. coli encompasses a large amount of the cell’s genetic
landscape, representing more than a quarter of all genes present in the organism. The majority of cell
envelope proteins reside as the inner membrane. Approximately one-third of these are of unknown function
and are highly represented by small integral membrane proteins. Studies aimed at elucidating the functions
of this largely unexplored class of membrane proteins will not only provide better fundamental
understanding of cell envelope biology in bacteria, but also identify novel targets for antibacterial
therapeutics.
This thesis concerns the characterization of one such small integral inner membrane protein, YciB,
conversed across most Gram-negative bacterial species. Towards characterizing the function of this
protein, a genetic screen was conducted in E. coli to identify genetic interactors with the gene yciB. The
results identified a gene encoding an inner membrane lipoprotein, dcrB, as a synthetic lethal partner of
yciB. Prior to this work, studies focused on these inner membrane proteins were few and did not present a
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clear picture of their genetic interaction or functionality in the cell. The goal here was to uncover the
molecular basis of these genetic interactions, ultimately towards assigning a function to the individual gene
products.
Characterization of the synthetic lethal interaction between yciB and dcrB is the primary focus of
the second chapter of this thesis. Therein, an E. coli double mutant, yciB dcrB, is shown to be non-viable
primarily due to a malfunction in the biogenesis of proteins destined to the outer membrane. Data reveal
these proteins are trapped at the inner membrane, exerting toxic effects to the cell which result in the
activation of a diverse set of cell envelope stress response signaling mechanisms as well as cell death. The
results indicated an essential, synergistic role for YciB and DcrB in outer membrane protein biogenesis.
Exploration of the possible roles for the individual proteins revealed a yciB mutant displayed defects in outer
membrane permeability as well as a reduction in proton motive force at the inner membrane, suggesting a
role for YciB in membrane energetics which are important towards cell envelope integrity.
In the third chapter of this thesis, results are presented which describe in greater detail the
mechanistic basis of the synthetic defect in outer membrane protein biogenesis. Specifically, through
genetic and biochemical analyses the removal of yciB and dcrB is shown to result in the impairment of the
biogenesis of lipoproteins targeted to the outer membrane. A precise step in the maturation of lipoproteins,
wherein lipoproteins are modified with the phospholipid derived molecule, diacylglycerol, is shown to be
defective in a yciB dcrB double mutant, resulting in the toxic accumulation of outer membrane lipoproteins
at the inner membrane. Overall, the results indicated a synergistic role for YciB and DcrB in lipoprotein
maturation. It is hypothesized based on the results that yciB negatively impacts aspects of E. coli cell
envelope physiology in a manner which renders dcrB essential towards biogenesis of outer membrane
lipoproteins.
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CHAPTER 1
INTRODUCTION AND BACKGROUND

This Chapter focuses on aspects of Gram-negative bacterial cell envelope biology which are pertinent to
this thesis. Unless otherwise stated, the background information is from studies on Escherichia coli.

1

1-1 The Gram-negative cell envelope
The cell envelope is an essential cellular feature in all bacteria. For Escherichia coli, as well as most other
Gram-negative bacteria, the cell envelope comprises three distinct layers: the outer membrane (OM), the

Fig. 1-1. The Gram-negative cell envelope and cell envelope proteins. Depicted is the cell envelope
with various types of cell envelope proteins. Phospholipids (light gray) and lipopolysaccharide (dark gray)
are shown. The IM is a symmetric bilayer of phospholipids whereas the OM is asymmetric and includes
LPS on the outer leaflet and phospholipids on the inner leaflet. The PG under normal conditions is
covalently tethered to the OM through an OM lipoprotein known as Lpp. Peripheral membrane proteins
can also be found associated with membranes in the periplasm. IM = inner membrane, PG =
peptidoglycan, OM = outer membrane, and OMP = outer membrane proteins.
inner membrane (IM), and the periplasmic space in between these two membranes which includes the
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peptidoglycan cell wall (Fig. 1-1) (1, 2, 3, 4, 5). Didermic bacterial species benefit from a dual membrane
organization in that multiple barriers are present, making them particularly resistant to certain classes of
antibiotics (6, 7). Each layer of the cell envelope has evolved its own specialized function, aided by
differences in their chemical nature and protein complement (8, 9, 10, 11). While the IM is constituted by
phospholipids, the OM is asymmetric and includes both phospholipids in the inner leaflet and a glycolipid,
lipopolysaccharide (LPS), on the outer leaflet, facing the extracellular environment. The closely packed
hydrophilic nature of the LPS layer aids in the formation of a layer moderately impermeable to hydrophobic
and large hydrophilic molecules (12, 13). The primary function of the OM is to serve as a barrier (1, 6, 7).
However, embedded with a repertoire of integral β-barrels protein porins (OMPs), the OM still discriminates
passage of solutes into the periplasm (14, 15, 16). The periplasmic compartment is an oxidative, aqueous
compartment which includes a diverse set of soluble proteins, including chaperones that aid in OMP
biogenesis, various nucleic acid degradative enzymes, as well as redox active molecules which play roles
in quality control of cell envelope protein folding and optimal redox balance between periplasm and
cytoplasm (16, 17, 18). Most of the cell envelope’s enzymatic activity, selective transport, energy
generating, and signaling mechanisms are located at the IM (19). These activities are conferred by a diverse
set of proteins which make up the IM proteome.
1-2 The cell envelope proteome
The cell envelope proteome encompasses a large amount of the genetic landscape in E. coli, representing
approximately a third of all predicted genes (Fig. 1-2) (19, 20, 21, 22). These include soluble periplasmic,
membrane integral, lipoproteins, or peripherally associated membrane proteins (Fig. 1-1). Most of the
envelope proteome comprises integral IM proteins, of which a third have no known or predicted function
(22, 23). These unknown function proteins are represented in large part by smaller integral IM proteins
which feature six or less transmembrane domains with an average size of ~250 amino acid (aa) residues
compared to the global average of ~400 AA residues (Fig. 1-2) (22, 23). The reason for the discrepancy
inour knowledge of this class of IM proteins is not immediately clear, however, it indicates a lack of studies
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specifically focused on these proteins. This is also in part due to difficulties in generating three-dimensional

Fig. 1-2. The cell envelope proteome of E. coli. (A) Pie charts representing the number of proteins in
the E. coli proteome. The pie chart on the left compares the numbers of genes encoding proteins in the
cytoplasm compared to the cell envelope. The pie chart on the right represents genes included in the
cell envelope proteome and their respective locations. The values were obtained from recent proteomic
analyses and includes both experimentally verified and predicted proteins (23). (B) Graph showing
experimentally verified integral IM proteins, their number of transmembrane helices, and annotated
functions. Y-axis show the numbers of proteins within each group which are separated based on the
number of transmembrane helices on the X-axis. Proteins with six or less transmembrane helices are
enriched for proteins with no known function. The values were obtained from a previous report and
updated according to more recent proteomic analyses (22, 23).
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structures for these proteins. Due to the chemical nature of integral membrane proteins, overexpression
and purification present significant experimental challenges. As a result, a dearth of unique membrane
protein structures exists (less than 1% of those deposited to PDB), hindering functional assignments as
well as predictive modeling, leading to less comprehensive knowledge of membrane proteins compared to
their soluble cytoplasmic or periplasmic counterparts. Nonetheless, genetic analyses in E. coli and other
well-studied species have provided an overview of the essential functions of the cell envelope and the
proteins which carry out these processes under standard laboratory conditions (3, 7, 10, 24, 25, 26, 27,
28). This knowledge serves as a framework for deeper exploration of inner membrane proteome function.
This will aid in understanding the function of proteins that may become essential under environmental
conditions which better represent the cell’s natural environment, or how uncharacterized proteins may
interact with or modulate the function of proteins involved in these essential cellular processes. Smaller IM
proteins specifically represent a largely unexplored frontier of IM biology (22, 23). Studies focused on these
proteins will likely provide valuable insight into the fundamentals of membrane physiology of bacteria as
well as higher organisms where functional homologs may exist.
1-3 YciB and small integral IM proteins
The goal of this thesis’ work was to understand the function of one such small integral IM protein, YciB.
Published works from other groups had implicated the gene, yciB, as important in bacterial cell division
under specific conditions, for example, when the related Gram-negative bacterium, Shigella flexneri, is
present in cultured epithelial cells, yciB is essential for division (29). In E. coli, a physical interaction between
YciB and an essential division protein, ZipA, has been reported (30). YciB in E. coli is a 179 AA protein
which spans the IM five times (Fig. 1-3) (31). Computational approaches predict that YciB bears homology
to the LeuT-family of proteins, which are involved in diverse membrane transport processes throughout all
kingdoms of life (32). The same study also predicted a separate family of small integral IM proteins in E.
coli, known as the DedA, to share homology with the LeuT family. In E. coli, there exist eight total DedA
family members which span the IM five to six times and range in length from 192-251 AAs (33). The precise
function of these proteins has yet to be elucidated, however, they are important for maintenance of cell
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Fig. 1-3. Cartoon depicting the IM proteins YciB and DcrB. YciB is a 5-transmembrane integral inner
membrane protein with N-terminus in the periplasm and C-terminus in the cytoplasm. DcrB is an IM
lipoprotein that is tethered to the IM through the attachment of lipid moieties to a cysteine residue that is
invariantly conserved in bacterial lipoproteins.
envelope integrity and may play roles in maintenance of the proton-motive force (PMF) at the IM through
H+ antiport or indirectly by influencing other proteins involved in PMF maintenance (34, 35, 36). This
conclusion is drawn from work primarily focused on a synthetic lethal mutant lacking two DedA proteins,
yqjA and yghB. In this work, data are presented showing several phenotypic similarities between a yqjA
yghB double mutant and derivative mutants of yciB. These include sensitivities to low-osmolarity stress,
dependence on specific envelope stress response signaling systems, abrogated PMF, and an altered
integrity of the OM (35, 36, 37). At the sequence level, yciB does not display significant similarity to any
member of the DedA family, however, the phenotypic similarities and predicted LeuT homology suggest
overlapping roles for these proteins in maintenance of cell envelope integrity. Although DedA family
members are collectively essential in E. coli as well as other organisms and display significant sequence
similarity with one another, deletion of individual dedA-family members in E. coli produces a variety of
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phenotypes which do not resemble other single dedA deletion mutants (34, 35, 37). This suggests these
small integral IM proteins have evolved unique functions. The broad conservation of DedA proteins across
all domains of life and YciB within most proteobacteria points to an important physiological function for
these small IM proteins.
YciB and DedA-family proteins appear to have evolved unique roles, separated from other
previously characterized classes of small integral IM proteins, in maintenance of cell envelope integrity (38,
39, 40, 41, 42, 43). For example, another class of small integral IM proteins belonging to the small multidrug
resistance (SMR) family, EmrE (111 aa) and SugE (106 aa) also function in PMF driven transport at the IM.
While individual deletions in emrE or sugE in E. coli impacts cell envelope integrity, they do not
phenotypically resemble those of dedA or yciB deletion mutants (38, 39). Other predicted small IM
transporters which fall into a similar size range and topological organization as YciB and DedA-family
members include MetI (218 AA), GltK/J (225/247 AA), and HisQ (229 AA) (41, 42, 43). These proteins are
predicted to be involved in transport of amino acids, however, their involvement in these processes have
yet to be verified. The possibility of functional similarities between these small IM proteins and YciB,
however, seems unlikely given the pleiotropic phenotypes associated with yciB deletion in nutrient-rich
conditions, and abrogation of a single transporter for these substrates would be compensated by de novo
amino acid synthesis. The proteins mentioned here represent only a small fraction of small integral IM
proteins which exist within E. coli (22, 23). Considering experimentally verified integral IM proteins of
unknown function which fall into the range of 100-250 AA, over one hundred have yet been characterized
(23). Many of these proteins are predicted not to function individually but through interactions with other
integral IM proteins as a part of the membrane interactome, thus their impact on E. coli physiology is
expected to be immense (23). The network of physical interactions displayed by integral membrane proteins
is increasingly complicated when considering their association with a diverse set peripherally associated
membrane proteins as well as lipoproteins.
1-4 DcrB and lipoproteins
The bulk of the work presented here focuses on the genetic interaction between YciB and one poorly
characterized IM lipoprotein, DcrB, which is conserved only within enteric γ-proteobacteria (Fig. 1-3). In a
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preliminary screen described here (Chapter 2), yciB was shown to be a synthetic partner with dcrB as
deletion of both genes resulted in cell death in E. coli under low osmolarity conditions. Prior literature
indicated DcrB plays a role in phage adsorption as deletion of dcrB results in C1 phage resistance in E. coli
(44, 45). The authors also verified the subcellular location of this predicted IM lipoprotein. In E. coli, there
exists approximately 100 lipoproteins, the majority of which reside in the OM and are of unknown function.
Most recent proteomic and predictive analyses report a total of 16 IM lipoproteins (23, 46). The functions
of some of these have been determined and are in trans-envelope efflux (Acr/TolC) and cell division through
remodeling of PG at midcell during fission (47, 48, 49). At the OM, these lipoproteins carry out diverse
functions including envelope stress signaling (NlpE/RcsF), PG synthesis and turnover (Lpo and Mlt
proteins), biogenesis of OM components (Bam, Lpt, Lol proteins), as well as maintaining the structural
integrity of the outer envelope (Lpp) (24, 26, 27, 50, 51, 52, 53, 54, 55, 56) . On the primary sequence level,
DcrB is a unique protein and does not bare significant homology to other known proteins, however, based
on structural predictions is similar to the PsbP-family of proteins found associated with the photosystem II
(PSII) oxygen-evolving complex at the thylakoid membrane of plant chloroplasts (57, 58). Through the
course of conducting this research, a crystal structure was solved of the DcrB ortholog in the closely related
Salmonella enterica (58). The two proteins are 81% identical. Indeed, the crystal structure showed
significant structural similarities to PsbP, both forming an α-β-α sandwich. The results of these studies did
not present a clear picture of the function of DcrB, however, since the exact function of PsbP in PSII function
is uncertain. Further, this motif only appears present in PsbP, DcrB, and another poorly characterized
protein in yeast, Mog1P, suggested to be involved in communication across the nuclear envelope (59).
Studies have shown PsbP may be important towards assembly of the PSII oxygen-evolving complex and
stabilizing a metal-ion cluster which is important towards oxygen evolution. The absence of PsbP within
cyanobacterial species indicates the convergent evolution of the α-β-α sandwich motif present in both DcrB
and PsbP, which may be generally important towards the organization of protein complexes at membranes.
1-5 Lipid biogenesis
Phospholipids and LPS are synthesized within the cytoplasm or at the inner leaflet of the IM. In E. coli,
phospholipids comprise two major species, phosphatidylethanolamine (75% of total phospholipids) and
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phosphatidylglycerol (20%), and the minor species, cardiolipin (5%) (60). The synthesis of phospholipids is
carried out by a repertoire of fatty acid synthesis enzymes (FAS system), which are subject to transcriptional
regulation depending on fatty acid availability in the cell by the transcriptional regulators, FabR and FadR
(61, 62). FadR is a dual-transcriptional regulator that controls expression of the fatty acid degradative
regulon, repressing enzymes involved in consumption of fatty acids for energy and activating those involved
in anabolic fatty acid production. FabR targets the genes FabA and FabB which are involved in the synthesis
of unsaturated fatty acids (63). In response to changes in temperatures, E. coli alter synthesis of fatty acids
to maintain optimal membrane fluidity. At low temperatures, the proportion of unsaturated fatty acids are
known to increase relative to saturated fatty acids and vice versa at higher temperatures (64, 65). While
the enzymes responsible for synthesis of unsaturated fatty acids are known (FabA/B/F), it is unclear how
E. coli sense temperature changes to modulate these enzymes’ activities. Genetic studies aimed at
elucidating regulatory mechanisms have been hampered by the essentiality of most Fab proteins, leading
to an incomplete understanding of lipid homeostasis in E. coli (66). Further, it is not clearly understood
currently how phospholipids are transported between the IM and OM.
For phospholipids, several possible mechanisms for transit to the OM have been invoked and
include differing protein complexes (67). The mechanism for flipping phospholipids across the IM is itself a
contentious subject. While the LPS flippase, MsbA, has been shown to also flip phospholipids across the
IM, several studies have challenged this view and suggested that other unidentified protein/s may carry out
this process (68, 69, 70, 71). Recent studies have implicated separate trans-envelope bridging complexes,
the Yeb or Pqi systems, as responsible for phospholipid trafficking to the OM (67, 72). These systems,
however, lack an OMP similar to the lipopolysaccharide transport system nor do they feature an ATP
binding cassette (ABC) transporter at the IM, thus it is unclear how these systems would facilitate assembly
and rapid transport of phospholipids to the OM (73). Another proposed system, Mla, includes an ABC
transporter and involves a soluble periplasmic chaperone which binds phospholipids for trafficking to the
OM (74). This view remains controversial though given the Mla system’s role primarily in coping with defects
in lipid asymmetry at the OM. The system has been shown to extract surface exposed phospholipids which
destabilize the OM, and traffic them in a retrograde fashion from the OM to the IM for degradation or reintroduction into phospholipid assembly pathways. Recent studies have shown, however, that the IM ABC
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transporter is capable of extracting phospholipids from the IM and transferring them to the soluble
periplasmic component, suggesting that transport through this system is perhaps bi-directional (75).
LPS synthesis is carried out by the Lpx enzymes whose function is in assembly of both the
oligosaccharide core and fatty acyl components of the glycolipid (76, 77). The most well studied component
of the LPS biosynthesis pathway is the enzyme LpxC which carries out the rate limiting step of LPS
synthesis. LpxC is subject to proteolytic regulation by the IM protease FtsH (77, 78, 79, 80). The regulatory
mechanisms which control FtsH-mediated degradation of LpxC are complex and include multiple IM
proteins which are hypothesized to serve as FtsH adaptors which finely tune LpxC levels (79, 81).
Maintenance of optimal LpxC levels is critical for E. coli since depletion or overproduction of this enzyme
results in lethality due to loss of LPS homeostasis (78, 79, 80). Several environmental cues have been
found to result in altered regulation of LpxC levels, including increased abundance of long chain fatty acylCoAs, overproduction of acyl carrier protein, and alterations in the flux of fatty acids through either LPS or
phospholipid synthesis pathways (78, 81, 82). Studies have yet to reveal any transcriptional regulators
which are directly responsible for altering levels of LpxC or other Lpx enzymes. However, since LPS and
phospholipid rely on similar fatty acyl-CoAs for their synthesis, LPS synthesis is subject to crosstalk by
transcriptional regulators of phospholipid synthesis (83).
While transport of phospholipids to the OM remains controversial, the molecular machinery for LPS
transport has been elucidated (24). Following its synthesis in the cytoplasm, LPS is flipped across the IM
by the flippase, MsbA, and is then transited across the periplasm through the Lpt trans-envelope transport
machinery (68, 69, 84). This system includes an IM ABC transporter, LptBFGC, which uses energy to
extract LPS from the IM where it then crosses the periplasm through a periplasmic bridge composed of
multiple LptA periplasmic subunits. At the OM, LPS is then assembled into the outer leaflet of the membrane
through an OMP, LptD, with the assistance of an OM lipoprotein, LptE, which serves as a plug for the OM
translocon.
1-6 Cell envelope protein biogenesis
Following their synthesis in the cytoplasm, extra-cytoplasmic proteins are then translocated in an unfolded
state by the general secretory machinery, Sec, or as an already folded protein through the bacterial twin-

10

arginine translocation (TAT) machinery (85). Integral membrane proteins are inserted into the membrane
through a lateral gate of the Sec translocon with or without the assistance of an insertase, YidC, depending
on the nature of the signal sequence. Small integral IM proteins may also be directly inserted to the IM
independent of Sec through the action of YidC by an ill-defined mechanism (86). For soluble periplasmic
proteins and OMPs, proteins are secreted to the outer surface of the IM and liberated from their signal
peptide by the signal peptidase, LepB (87). For the highly hydrophobic OMPs, transit to the OM relies on
the assistance of a set of periplasmic chaperones which maintain these proteins in a folding competent
state, ushering them to the OM where they are processed by a large molecular OMP assembly and insertion
machinery, the Bam complex (26, 88). The essential components of the chaperone pathway have been
defined (89, 90). The primary periplasmic chaperone, SurA, is responsible for the bulk of OMP traffic to the
OM. SurA, however, is not essential, as additional chaperones including Skp, FkpA, and DegP can take
over the responsibilities of SurA in its absence. DegP is bi-functional in that it serves as both a chaperone
and a protease, degrading misfolded OMPs that accumulate within the periplasm. Skp has been reported
to be capable of bypassing the Bam complex by directly inserting OMPs in to the OM (91). This feature of
Skp though may have negative consequences as OMPs may be inappropriately inserted into the IM under
envelope stress. The current paradigm describes in wild-type E. coli that these additional chaperones are
present mainly to assist SurA in transit of OMPs to the OM and rescuing OMPs that have fallen off the
SurA-bound path. Once at the OM, SurA delivers OMPs to the Bam complex, comprised of a single OMP,
BamA, and four OM lipoproteins, BamBCDE. BamA and BamD are essential components in E. coli, and
are highly conserved across Gram-negative bacteria, and homologs of BamA can also be found in
eukaryotic chloroplasts and mitochondria (26, 88, 92). Structural investigations of the Bam complex have
led to a model whereby the complex navigates unfolded OMPs through a pore in the β-barrel structure of
BamA, and through a lateral gate, inserts the OMPs into the core of the OM (93, 94). This allows these
largely hydrophobic substrates to overcome the difficulties of insertion imposed by the polar headgroups of
OM phospholipids. The mechanism has been described analogous to the mechanism by which Sec inserts
integral IM proteins with the major difference that ATP is not expended by insertion of these β-barrel
proteins as is the case for Sec. It is important to note that the periplasm is a compartment that is entirely
devoid of ATP or any other obvious source for free energy generation, thus each physiological process that
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occurs separated from the IM occurs without any obvious energy source (1). It is apparent that molecular
machines at the IM can transmit energy to periplasmic adaptor proteins to carry out some form of work,
however, none have been identified for this OMP assembly machinery.
The biogenesis of cell envelope lipoproteins includes a maturation process whereby the secreted
protein is modified with lipid components which tether it to the membrane (Fig. 1-4) (95). This process is
also determined by the nature of the signal sequence. Lipoproteins include a lipo-box proceeding the signal

Fig. 1-4. Lipoprotein maturation at the IM in E. coli. Depicted is the sequential process of lipoprotein
maturation. An immature, pro-lipoprotein is secreted through the general secretory machinery (Sec) and
remains attached to the IM through a signal peptide (SP). The pro-lipoprotein is first modified with
diacylglycerol (black zig zag lines) by the IM enzyme Lgt, using phosphatidylglycerol (Ptd-Glycerol) as a
substrate for diacylglycerol transfer. After modification by Lgt, the pro-lipoprotein’s signal peptide (SP) is
cleaved by the inner membrane lipoprotein signal peptidase (LspA), producing an apo-lipoprotein that is
tethered to the IM through diacylglycerol. Finally, the IM enzyme Lnt catalyzes N-acylation of the
lipoprotein transferring an acyl chain from phosphatidylethanolamine (Ptd-Ethanolamine) to the amino
end of an invariantly conserved cysteine residue of the lipoprotein. The lipoprotein is considered mature
in E. coli. The lipoprotein is either transported to the OM by the Lol system or remains at the IM. The IM
is simplified as a gray bar to better represent the details of maturation.
sequence that dictates the lipoprotein’s processing and localization to either the IM or OM (96). Following
its secretion, a lipoprotein is modified with diacylglycerol (DAG) by the IM enzyme, Lgt, using the
phospholipid, phosphatidylglycerol, as a substrate donor for DAG transfer (97). The DAG is transferred to
the thiol side chain of an invariantly conserved cysteine residue (Cys +1) immediately following the N-terminal
signal sequence of the immature, pro-lipoprotein. Once modified by the DAG moiety, the signal sequence
is then cleaved by a signal peptidase specific to lipoproteins, LspA (98). The lipoprotein remains tethered
to the IM through the Cys+1-DAG interaction. In E. coli, the lipoprotein is then further fatty acyl-modified at
the Cys+1 amide by the IM enzyme Lnt, this time using the phospholipid, phosphatidylethanolamine, as a
donor for N-acylation (99). The triacylated lipoprotein is considered mature in most Gram-negative bacteria.
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In other species of bacteria, however, the final step catalyzed by Lnt is less well conserved, and largely
absent in Gram-positive bacteria, though some orthologs of Lnt have recently been identified in these
species (100). Both experimental and evolutionary analysis suggest the appearance of N-acylation in Gram-

Fig. 1-5. Lipoprotein traffic in E. coli. Depicted are the mechanisms for lipoprotein traffic in E. coli.
Proteins with a Lol-avoidance signal downstream of the invariantly conserved cysteine are not recognized
by this system (see text). Lipoproteins destined to the OM, following the maturation process, are removed
from the IM by the LolCDE IM ABC transporter, and transferred to LolA. LolA shuttles the lipoprotein across
the periplasm and transfers the lipoprotein to the OM lipoprotein LolB which then inserts the lipoprotein into
the OM through an unknown mechanism. Recent studies have revealed the existence of a LolABindependent system; however, the molecular details of this pathway are unknown.
negative bacteria was an important step towards the evolution of OM lipoproteins, since abrogation of this
step severely impairs lipoprotein traffic to the OM.
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Lipoprotein traffic to the OM is dictated by the AA sequence immediately proceeding the Cys +1
residue, known as the lipobox (96). Lipoproteins containing Asp +2 remain in the IM, whereas all other
lipoproteins after maturation are extracted from the IM for traffic to the OM by the machinery responsible
for localization of OM lipoproteins, Lol (23). The system includes an IM ABC transporter, LolCDE, which
utilizes energy from ATP hydrolysis to catalyze the extraction of lipoproteins from the IM (Fig. 1-5) (101).
The lipoprotein is then transferred to the periplasmic LolA which is then delivered to the OM lipoprotein LolB
and assembled into the OM through an unknown mechanism (102). While most OM lipoproteins are
transported in this manner, recent investigations have identified the existence of a LolAB-independent
trafficking system (103). This was discovered by the finding that the LolAB system can be deleted in E. coli
under certain genetic conditions while the essential OM lipoprotein (BamD) retained its targeting to the OM.
The genetic factors responsible for targeting in the absence of LolAB have yet to be identified. Maintenance
of facile OM lipoprotein transport is of critical importance for a Gram-negative bacterium given the essential
nature of several OM lipoproteins, but also due to the negative consequences associated with the
accumulation of OM lipoproteins at the IM (104). In enteric bacteria, this is especially the case, given the
broad conservation of the OM lipoprotein Lpp, which aids in the integrity of the outer envelope by covalently
tethering the PG cell wall to the OM.
1-7 The OM lipoprotein Lpp
The OM lipoprotein Lpp is the most abundant protein in E. coli with approximately 750,000 molecules per
cell. At the OM, it primarily serves as a structural factor, aiding in the rigidity of the outer envelope while
also playing a role in regulating the distance of the OM to the IM (105, 106). Deletion of lpp in E. coli does
not result in lethality. However, it results in increased OM fluidity and vesicle formation as well as cellular
sensitivity to detergents, and bile salts, which are especially abundant in the mammalian gut (106, 107).
The appearance of this protein primarily within the enteric class of γ-proteobacteria indicates the evolution
of the PG-OM association through Lpp aids the survival of these bacteria in this hostile environment.
Indeed, this has been shown to be critical for pathogenesis of enteric bacteria in infectious model systems
(108). The cellular feature though comes with a significant caveat. The failure of Lpp to localize to the OM
is lethal (104). While the exact mechanism is unclear, it is dependent on the association of Lpp with PG,
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suggesting that Lpp linkage of the cell wall to the IM results in cellular toxicity. Thus, abrogation of any
component of the lipoprotein maturation or trafficking pathway results in cell death due to the accumulation
of PG-linked Lpp at the IM (98, 99, 103). E. coli require synthesis of the phosphatidylglycerol not because
of any essential membrane bilayer function, but because depletion of this phospholipid results in Lpp
accumulation at the Lgt-catalyzed DAG transfer step in maturation (104). Deletion of lpp was one of the
requirements for survival of cells lacking the LolAB lipoprotein trafficking system. Given the large
abundance of Lpp, presumably the LolAB system carries out the bulk of non-essential lipoprotein traffic
while the LolAB-independent system traffics essential OM lipoproteins (103). Cells with lnt deleted also are
viable only when lpp is simultaneous deleted (109). Lgt and LspA, however, are required regardless of
deletion of lpp, which underlines their prevalence across bacterial species as core components of essential
lipoprotein biogenesis pathways. Given the importance of Lpp as well as its potential cytotoxicity in enteric
bacteria, cells have evolved a stress sensing mechanism which responds to impairment of the OM
lipoprotein biogenesis pathway.
1-8 Cell envelope stress response systems
Bacteria have evolved envelope stress response systems (ESRSs) to maintain envelope homeostasis in
the face of stressors which perturb envelope integrity (110). These ESRSs employ cell envelope stress
sensing proteins that can deliver a signal through a phosphorelay to a transcription factor or activate an
alternative σ-subunit for the RNA polymerase complex. In many cases, an ESRS serves to up-regulate the
expression of quality-control enzymes which can target and ameliorate defects associated with a specific
cell envelope component. For example, should misfolded proteins accumulate within the periplasmic
compartment, a periplasmic protease would be upregulated to degrade these toxic proteins. Alternatively,
proteins whose functions become toxic in the presence of a given stressor can be repressed by the
regulators of these systems. Individual ESRSs are activated by overlapping stressors and crosstalk exists
between ESRS signaling cascades, making interpretation of a specific mutant’s envelope defects a
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challenging task. Nonetheless, the presence of an activated stress response within a cell can give the
researcher a general picture of the aspects of envelope physiology that are targeted by stress or mutation.

Fig. 1-6. The Cpx two-component ESRS. Depicted is the Cpx two-component system and the activating
mechanisms associated with envelope stress. CpxA is an IM histidine kinase which autophosphorylates
upon binding by NlpE. The phosphate group (P) is transferred to the dual transcriptional regulator CpxR
which positively and negatively regulates genes part of the cpx regulon (see text for details). Several Cpx
activating stressors are known to induce this system in a manner that depends on the OM lipoprotein sensor
NlpE. These include reactive oxygen species (ROS), defects in peptidoglycan assembly, and adhesion to
hydrophobic surfaces. NlpE triggers Cpx activation at the IM under circumstances of OM lipoprotein traffic
defects. Copper is also known to trigger a defect in NlpE biogenesis; however, this exact mechanism is
unclear and may be related to both the occurrence of ROSs and lipoprotein stalling at the IM.
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1-8-1 The Cpx ESRS
For sensing defects in IM integrity, E. coli employ the Cpx ESRS (Fig. 1-6) (111). This ESRS is responsible
for sensing defects in the traffic of lipoproteins to the OM, misfolding of IM proteins, defects in protein
secretion and peptidoglycan synthesis (103, 112, 113, 114). Several environmental stressors are known to
induce this system including alterations in pH, excess copper, or adhesion of a cell to hydrophobic surfaces
(115, 116, 117). The system relies primarily on a two-component histidine kinase, CpxA, which transfers
phosphate to the dual-transcriptional regulator CpxR (118). An OM lipoprotein stress sensor, NlpE, is also
employed by this system and can trigger the auto-phosphorylation of CpxA by direct binding (119). The
association of NlpE with the IM serves as a robust activator of the Cpx system (103). Under conditions of
impaired lipoprotein traffic to the OM, either through deletion of LolAB or through use of a LolCDE inhibitor,
Cpx is robustly activated in a manner that depends on the presence of NlpE (103, 120). Under these
circumstances, NlpE would be stalled at the IM, placing it in closer proximity to CpxA for direct binding. The
increased Cpx activity can partially ameliorate the defects associated with OM lipoprotein trafficking since
deletion of NlpE or the Cpx system under conditions of impaired trafficking dramatically reduces cellular
viability (103). Thus, it appears that NlpE has evolved the capability to sense and signal Cpx activation
under this specific type of stress. Cpx activation does not always require the NlpE sensor for activation.
Alteration in the synthesis of major phospholipids such as phophatidylglycerol is known to activate this
system in a manner that is independent of NlpE (104, 121, 122). It has been proposed that additional
alterations in the periplasmic environment or IM may result in the misfolding of CpxA which triggers
autophosphorylation (119). Additionally, CpxR may be directly phosphorylated in response to alterations in
carbon metabolism which result in the accumulation of acetyl-phosphate (123). Acetyl-CoA, a central
intermediate in fatty acid metabolism and a major substrate for the tricarboxylic acid cycle may also induce
the Cpx regulon (124).
In response to phosphorylation, CpxR both positively and negatively regulates a diverse set of
targets (110, 125). These include for example the positively regulated LD-transpeptidases which play roles
in altering peptidoglycan remodeling, periplasmic chaperones, proteins involved in oxidative folding of
envelope proteins, the negative feed-back regulator CpxP, and a set of sRNAs which in turn negatively
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regulate translation of non-essential energy generating IM proteins of the electron transport chain (126) .
Negatively regulated targets include the major porin OmpF, specific energy-generating IM proteins, the
periplasmic chaperone Skp (which is suggested to inappropriately insert OMPs to the IM under stress), and
the alternative σ-factor for the σE ESRS (91). It is hypothesized that the combined negative and positive
regulation of this ESRS aids in IM homeostasis in part by relieving the cell from synthesizing non-essential
IM proteins while also increasing the presence of proteins which provide quality control against envelope
protein misfolding.
1-8-2 The Rcs ESRS
A separate ESRS that also responds to defects in OM lipoprotein trafficking is the Rcs ESRS (Fig. 1-7).
The primary function of the Rcs ESRS, however, is to sense defects in OM integrity and peptidoglycan
synthesis and responds by increasing the synthesis of the capsular exopolysaccharide colanic acid (127).
The Rcs system similarly employs an OM lipoprotein sensor RcsF which can stimulate Rcs activation by
interaction with the IM Rcs phosphorelay (128, 129). Similar to the Cpx system, the association of RcsF
with the IM results in strong Rcs activation by virtue of the sensor’s closer proximity to the phosphorelay
protein components at the IM. In this case, however, Rcs is activated to the point of impacting viability,
resulting in toxic overproduction of an envelope protein, OsmB, which is thought to destabilize the PMF
through the formation of IM pores (103, 129). At the OM, RcsF senses integrity defects through an
association with a porin OmpA, whose pore it threads through, exposing it to the outer surface of the OM
where it interacts with LPS (130). Two models have been proposed to explain Rcs activation (130, 131).
The first suggests that alterations in LPS or disruption of the RcsF-OmpA complex trigger Rcs activation as
the sensor orients to the periplasmic space, thus exposing the sensor to an interaction with components of
the Rcs phosphorelay (131). The alternative model suggests that LPS alterations at the outer surface of
the OM, where the N-terminal domain of RcsF is located, transduces a signal to the C-terminal portion of
RcsF in the periplasm (130). The C-terminal portion then becomes competent for signaling and activates
the IM phosphorelay. Recent studies have posited that RcsF may play a role in sensing membrane fluidity
and distance between IM and OM, depending on the status of Lpp in the cell envelope (129). Deletion of
lpp results in increased distance between OM and IM due to untethering of the OM from the cell wall. As a
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Fig. 1-7. The Rcs ESRS. Cartoon depicting a simplified version of the Rcs ESRS. The system includes two
IM proteins- a histidine kinase, RcsC, and RcsD, a phosphotransferase which transfers a phosphate group
from RcsC to the transcriptional regulators RcsA or RcsB. Under normal circumstances, RcsC
autophosphorylation is inhibited by an IM protein, IgaA, which is omitted here for simplicity. The OM
lipoprotein sensor, RcsF, is threaded through the pore of the integral β-barrel protein, OmpA. Two models
are invoked to explain Rcs activation. The first explains that LPS defects trigger Rcs activation by disrupting
the RcsF-OmpA interaction, resulting in exposure of RcsF to the periplasm. RcsF then activates the system
by relieving the IgaA inhibition of RcsC, triggering the phosphorelay (131). Alternatively, the N-terminal,
surface exposed portion of RcsF senses LPS defects which transmit a signal to the C-terminal portion of
the protein which then signals the phosphorelay (130). In this model, RcsF remains threaded through
OmpA. RcsF stalling at the IM either due to defects in the maturation or traffic of lipoproteins also results in
high level activation of the system due to the close proximity of the sensor to the IM phosphorelay.
Extracellular red star represents LPS defects concurrent with the second model where RcsF remains in the
OmpA lumen (130). Periplasmic red star represents PG-defect activation or LPS defects which disrupt the
RcsF-OmpA interaction concurrent with the first model (131).
result, the Rcs response is significantly downregulated due to the greater distance between RcsF and the
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IM (129). Lpp at the IM would, on the other hand, reduce this distance, leading to Rcs induction. The
functional relevance of this phenomenon in E. coli is unclear though given that Rcs activation is toxic in
these circumstances (103). The response regulator for this system, RcsB, upon phosphorylation regulates
transcription of several genes. Some of the most notable targets include the sRNA, RprA, which plays a
role in regulating cell entry into stationary phase as well as proteins involved in the synthesis and assembly
of colanic acid (127, 132). The upregulation of genes responsible for capsular polysaccharide synthesis
and repression of genes involved in flagellar motility suggest this ESRS may play a role in the transition of
bacteria from planktonic to a biofilm state.
1-8-3 The σE ESRS
The σE ESRS responds to the accumulation of misfolded OMPs in the periplasm (133). The system also
appears to be activated by defects in LPS synthesis, however, these defects in themselves may destabilize
several OMPs which would serve as an activating cue for this system (134). The system relies on a
proteolytic cascade at the IM which is triggered by binding of misfolded OMPs (135). The misfolded OMPs
bind to the periplasmic domain of and activate an IM protease which subsequently degrades an anti-σE
protein, RseA (136). Under normal conditions, RseA inhibits σ E through binding at the cytoplasmic side of
the membrane. Once relieved of this inhibition, σE binds components of the RNA polymerase core complex,
modulating their target binding sites, resulting in altered transcriptional targeting. Genes targeted by this
system include periplasmic chaperones as well as components of the Bam and LPS assembly machinery.
This promotes successful biogenesis of OM components. Similar to the Cpx system, the σ E ESRS also
positively targets sRNAs including micL and rybB which negatively regulate the translation of abundant OM
proteins (137, 138). Experimental evidence indicates that the sole target of micL is Lpp, which relieves the
cell in part of the synthesis of this highly abundant OM lipoprotein. RybB targets and represses multiple
abundant OMPs, thus alleviating OMP misfolding stress. Another target of this system is the sigma factor
induced by heat shock, σH, underlining the ESRS’s role primarily in coping with misfolded proteins in the
cell (139).
1-8-4 Bae and Psp ESRSs
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Two other ESRSs of less well understood function are the Bae and Psp responses (140, 141, 142). The
Bae response is activated by the presence of redox active metal ions and features a typical two-component
IM histidine kinase and cytoplasmic response regulator for activation. The activating mechanism for this
system is not well understood and is subject to cross-activation by both the Cpx and Rcs systems. It appears
the system plays a role in regulating transport mechanisms at the IM as several efflux pumps are targeted
by the Bae regulator. A periplasmic chaperone, Spy, also is a target of this system, which is induced by
overexpression of periplasmic proteins (142). The Psp system was originally characterized by its response
to lytic phage which act by disrupting PMF by the formation of IM pores (143). This system is induced by
several stressors including defects in protein secretion, and heat or osmotic shock (144, 145). The regulon
for this ESRS includes Psp proteins which are thought to alleviate the stress associated with the formation
of aberrant IM complexes which result in H+ leakage across the IM. Thus, the ESRS appears important for
PMF maintenance, however, the regulatory mechanisms which underly Psp activation have not yet been
elucidated.
1-9 Aims of this work
Small integral IM proteins are a largely unexplored class of proteins in bacteria. What are the precise
molecular roles of these proteins? Do they function individually or in concert with other cell envelope
proteins? This thesis’ work focuses on one of these small IM proteins that is highly conserved within
proteobacteria, YciB. Towards answering these fundamental questions, a genetic screen was conducted
and identified a synthetic lethal genetic interactor with yciB, a gene encoding an IM lipoprotein, dcrB. Prior
literature did not provide a clear picture of the individual functions of either of these proteins nor were there
previous reports of a genetic interaction. The following aims were utilized towards elucidating the genetic
and molecular basis of these interactions and the proteins’ individual roles in E. coli physiology:
Aim 1 – Characterize the physiological basis of lethality of E. coli lacking the IM proteins YciB and DcrB
Within the second chapter of this thesis, published work focuses on the synthetic lethality of a yciB dcrB
double deletion mutant. Results show that the double mutant is synthetic lethal under low salt conditions
and shows severe morphological defects indicative of compromised envelope integrity. Results from
genetic analyses led to the discovery of an alteration in the synthesis of LPS due to altered regulation of
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the rate-limiting enzyme, LpxC. Altered synthesis of this glycolipid, however, was not cause of synthetic
lethality. Instead, lethality was contributed by Lpp accumulation at the IM and its linkage to the PG cell wall
which was toxic. Biochemical analyses revealed both OM lipoproteins and OMPs were impaired for
localization to the OM, suggesting that yciB and dcrB play a synergistic role in the biogenesis of both classes
of OM proteins. Additional genetic and cell biological assays revealed the PMF to be impaired in cells
lacking yciB. This was supported by the finding that deletion of skp, a periplasmic chaperone which can
potentially insert OMPs into the IM and destabilize PMF, was a suppressor of yciB dcrB mutant lethality.
The contribution of the PMF defect to impairment of OM protein biogenesis awaits further experimental
clarification.
Aim 2 – Elucidate the molecular mechanism of OM protein biogenesis impairment in E. coli lacking the IM
proteins YciB and DcrB
The third chapter of this thesis reveals the precise step in OM protein biogenesis that is impaired in the yciB
dcrB double mutant. Probing the mechanism of skp deletion as a suppressor of yciB dcrB double mutant
lethality, it was identified that deletion of skp indirectly reduces Lpp through activation of the σE ESRS.
Thus, all mutational suppressors pointed towards Lpp as the primary source of lethality of a yciB dcrB
double mutant. This narrowed the focus to lipoprotein biogenesis pathways. The cellular morphology of a
yciB dcrB double mutant simulates the cell death trajectory of cells impaired for maturation of lipoproteins
at prolipoprotein diacylglycerol transfer by the enzyme Lgt. Additionally, a yciB dcrB double mutant
displayed accumulation of the immature lipoprotein form, pro-Lpp, similar to an lgt depletion mutant, as
revealed by cellular and biochemical analyses. Overexpression of Lgt in the yciB dcrB mutant was sufficient
to suppress lethality under multiple stress conditions, suggesting that Lgt activity is inhibited in a yciB dcrB
double mutant. Further genetic evidence showing that lpp deletion or increased Lgt expression can rescue
dcrB but not yciB specific phenotypes, suggested that deletion of dcrB primarily contributes to a failure in
lipoprotein maturation. The roles for YciB and DcrB in E. coli cell envelope physiology which may impact
lipoprotein maturation are discussed.
Collectively, the work reveals that the small integral IM protein YciB has a significant impact on E.
coli cell envelope physiology. While not essential under standard laboratory conditions, yciB deletion results

22

in pleiotropic phenotypes in the face of a variety of stressors which are expected to impact cell envelope
integrity. Previous works have shown that yciB is essential for spread of the intracellular pathogen Shigella
flexneri. Given the protein’s broad conservation in proteobacteria, it is likely that YciB function is essential
for cells across diverse, hostile environments. That E. coli as well as most other proteobacteria have
maintained both YciB, DedA family members, and other small integral IM proteins indicates the fundamental
importance of this class of proteins. The role of yciB in enteric bacteria is of particular importance given the
synthetic interaction with dcrB which results in a failure in lipoprotein maturation at the IM. Within these
bacteria, it is critical that the function of the OM lipoprotein, Lpp, is maintained so to protect against harmful
molecules which target the OM. Deletion of both yciB and dcrB abrogates this function, resulting in OM
defects and lethality due to toxic accumulation of Lpp at the IM. The co-conservation of dcrB and lpp within
enteric bacteria suggests an important functional link to this process. To determine the precise molecular
roles of these IM proteins and their link to this process, whether they function individually or directly in the
same pathway, will require additional research endeavors.
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CHAPTER 2
A SYNERGISTIC ROLE FOR TWO PREDICTED INNER MEMBRANE PROTEINS OF ESCHERICHIA
COLI IN CELL ENVELOPE INTEGRITY

The contents of this chapter are adapted from the publication in Molecular Microbiology titled above
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2-1 Introduction
A bacterial cell can survive under a variety of environmental conditions including rapid fluxes in osmolarity,
pH, temperature, and the presence of harmful compounds. The cell envelope plays a critical role in
protecting the cell from environmental stresses and is key to the growth and viability of the cell. A hallmark
of Gram-negative bacteria is that their cell-envelope consists of two membranes - an inner (IM) and an
outer membrane (OM) separated by the periplasmic compartment and a thin peptidoglycan (PG) cell wall.
The IM is made up of a phospholipid bilayer and selectively controls the passage of nutrients and ions that
enter or leave the cell cytoplasm. It is also the site of energy production, lipid biosynthesis, PG biosynthesis,
protein translocation, and transport. The IM proteins are variously peripheral, integral, or lipoproteins
anchored to the periplasmic side of the IM, and together these proteins are thought to make up
approximately 25% of the bacterial proteome (Bernsel & Daley, 2009, Dalbey et al., 2011, Papanastasiou
et al., 2016). Despite their abundance, the molecular functions of several IM membrane proteins remain
unknown or only poorly defined.
The OM, a distinctive feature of Gram-negative bacteria, consists of an asymmetric lipid bilayer
with the outer leaflet composed of the glycolipid lipopolysaccharide (LPS) and an inner leaflet of
phospholipids (PL) (Simpson et al., 2015). The OM proteins can be classified into two broad classes:
integral transmembrane β-barrel proteins (OMPs) and OM lipoproteins that are embedded in the inner
leaflet of the OM through an N-terminal end lipid moiety (Silhavy et al., 2010, Konovalova et al., 2017). OM
lipoproteins were thought to only face the periplasm but recent advances have shown that portions of
several OM lipoproteins are surface-exposed (Szewczyk & Collet, 2016). The most abundant protein in E.
coli is an OM lipoprotein, Lpp, also known as Braun’s lipoprotein. About a third of Lpp tethers the OM to the
underlying peptidoglycan ensuring optimal periplasmic distance between the two membranes, a critical
feature for extracytoplasmic stress signaling mechanisms (Braun & Hantke, 1974, Li et al., 2014, Asmar et
al., 2017). Some OM lipoproteins function in sensing envelope stress, and others in OM protein biogenesis
or PG biosynthesis, but a large number of OM lipoproteins have no assigned functions as yet (Konovalova
et al., 2017). The essentiality of the OM is attributed to its function as a protective barrier, with tightly packed
LPS preventing the entry of hydrophobic molecules, and some of the OMPs, such as porins, only allowing
the passive diffusion of small molecules, with another class functioning as gated channels for high-affinity
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transport of large ligands (Nikaido, 2003, Silhavy et al., 2010). Only a couple of OMPs have been shown to
play an essential role in the biogenesis of the OM (Konovalova et al., 2017).
All extracytoplasmic proteins are synthesized in the cytoplasm as precursors and then translocated
across the IM by either of two parallel pathways: the Sec and Tat translocons. The essential Sec machinery
transports unfolded proteins, either co-translationally or post-translationally, across the IM powered initially
by ATP hydrolysis, and subsequently by both ATP hydrolysis and the transmembrane proton motive force
(PMF) (Natale et al., 2008, Beckwith, 2013, Collinson et al., 2015, Tsirigotaki et al., 2016). By contrast, the
Tat machinery can transport folded proteins across the cytoplasmic membrane and relies entirely on energy
derived from the PMF (Keller et al., 2012, Alcock et al., 2016). Post-secretion, the maturation and assembly
of the two classes of OM proteins, OM lipoproteins and OMPs, are accomplished by dedicated assembly
pathways.
Precursor lipoproteins are modified at the IM by addition of lipid tails and signal sequence cleavage
via three sequential enzymatic reactions carried out by IM-bound enzymes (Szewczyk & Collet, 2016). The
OM-targeted lipoproteins, distinguished by a sorting signal, are extracted from the IM by LolCDE, an ABCtype transporter, which passes them to the periplasmic chaperone LolA which in turn delivers them to the
OM acceptor LolB, which finally inserts the lipoproteins into the OM (Szewczyk & Collet, 2016). Recent
genetic evidence has uncovered the existence of LolAB-independent OM lipoprotein transit across the
periplasm to the OM (Grabowicz & Silhavy, 2017).
The other major class of OM proteins, the integral β-barrel proteins or OMPs cross the periplasm
bound to proteins that exhibit general chaperone activity such as, SurA, Skp, and DegP. SurA serves as
the primary periplasmic chaperone but genetic data reveal some functional redundancy with Skp/DegP
pathways (Sklar et al., 2007). The latter chaperones are thought to rescue OMPs that have deviated from
the SurA-bound pathway (Sklar et al., 2007). The chaperone-bound OMPs are delivered to the Bam
complex on the OM, which assembles a wide variety of OMPs into the OM (Konovalova et al., 2017).
The complex process of OM protein biogenesis is a critical element in maintaining the barrier
function of the OM and for overall envelope integrity of the Gram-negative cell. Here, we report the
identification and characterization of two predicted cytoplasmic membrane proteins of unknown functions,
YciB and DcrB, in the maintenance of bacterial cell envelope integrity with implications in OM protein
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assembly. Cells lacking yciB and dcrB gene products display pleiotropic defects, including morphological
changes, elevated amounts of LPS, dynamic cytoplasmic membrane retraction and extension, copious
vesiculation, reduced proton motive force, and accumulation of OM proteins at the IM. The resulting IM
stress is, at least in part, suppressed by the activation of the Cpx two-component system. These defects
are compounded when grown in media without salt leading to lysis and cell death. The primary cause of
cell death in yciB dcrB mutant cells is due to the mis-localization of OM proteins at the IM. In summary, our
results demonstrate that two IM proteins, YciB and DcrB, play an essential synergistic role in the
maintenance of E. coli cell envelope integrity.
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2-2 Results
Identification of a synthetic lethal mutant of yciB
A mutant of the enteric pathogen Shigella lacking the yciB (ispA) gene revealed filamentous cells during
infection in host epithelial cells suggestive of a role for YciB in division (Mac Siomoin et al., 1996) (Fig. 1A).
However, neither a Shigella nor an E. coli yciB mutant displayed apparent growth or morphological defects
compared to the respective WT strains when grown under standard laboratory media (LB) conditions (Mac
Siomoin et al., 1996). To understand what role yciB might play in E. coli cell division, we conducted a
synthetic lethal screen using a yciB null mutant. The screen identified two mutations; we only examined
one which happened to be in dcrB, a gene encoding a ~ 22 kDa predicted IM lipoprotein thought to be a
receptor for phage nucleic acid entry (Fig. 2-1A) (Samsonov et al., 2002, Likhacheva et al., 1996). YciB
itself is a ~ 21kDa predicted 5-pass transmembrane protein with a cytoplasmic C-terminus (Li et al., 2015)
(Fig. 2-1A). The yciB dcrB double mutant formed tiny mucoid colonies on LB agar that did not restreak on
low-osmolarity media such as Nutrient Agar (NA) or LB (0% NaCl). We confirmed the results from the
synthetic lethal screen in a strain deleted for both yciB and dcrB and harboring a yciB shelter plasmid grown
in LB (0% NaCl) in the absence of the inducer (Fig. 2-1B). Supplementation with salts, for example NaCl or
KCl, rescued viability of the mutant strain when grown under non-permissive conditions, but osmolytes such
as sucrose and sorbitol did not (Fig. 2-1B and Fig. S2-1A). Next, we examined the growth rate of the yciB
dcrB double mutant in liquid media. The double mutant grew poorly in LB (0% NaCl) compared to the single
mutants or WT with cessation of growth during early to mid-log phase (Fig. 2-1C). Microscopic examination
of the yciB dcrB double mutant revealed severe morphological defects including bulging, cytoplasmic
retractions, and ghost cells indicative of lysis (Fig. 2-1D and Mov. S1). Although yciB dcrB double mutant
cells grow better and reach higher OD600 values in LB (1% NaCl) (Figs. S2-1A and S2-1D), morphological
defects similar to those observed during growth in LB (0% NaCl), persisted, albeit to a lesser extent (Fig.
2-1D). These growth phenotypes were consistent with the tiny, mucoid yciB dcrB colonies observed in the
initial screen. Overexpression of either YciB or DcrB did not show any changes in viability compared to WT
cells when grown in either LB (1% NaCl) or LB (0% NaCl) conditions (Fig. S2-2). An earlier study showed
reduced growth and shorter cell lengths in cells deleted for yciB, and modest cell elongation upon YciB
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overexpression (Badaluddin & Kitakawa, 2015). We note that a different strain background and plasmid

Fig. 2-1. Identification of dcrB as a synthetic lethal of yciB. (A) A diagrammatic representation of the
chromosomal location of yciB and dcrB and putative subcellular locations and topologies of the gene
products. YciB (red) is a putative inner membrane (IM) 5-pass protein with the N-terminus facing the
periplasm and C-terminus in the cytoplasm. DcrB (orange) is a putative IM lipoprotein oriented facing the
periplasm. PG = peptidoglycan and OM = outer membrane. (B) Plating efficiencies of wild-type MG1655
(WT) and derivative mutants yciB (AM134), dcrB (AM135), and yciB dcrB (AM519). Cells were grown under
permissive conditions overnight in LB (1% NaCl) with 0.02% Arabinose at 37°C. Cells were washed,
normalized to OD600 = 1.0, serially diluted and spotted onto LB (0% NaCl) agar with arabinose (0.02%), or
without to maintain depletion conditions, and incubated at 30°C overnight for 16-24 h and photographed.
To examine growth upon addition of salt, under depletion conditions, NaCl or KCl were added to 1% final
concentration. (C) Overnight cultures of strains grown under permissive conditions were diluted 1:150 to
an OD600 = ~ 0.03 in LB (0% NaCl) and incubated at 30°C. Growth was monitored every hour by OD600
measurements. The growth curves plotted represent an average of 3 readings with standard error bars.
(D) Representative images of cells grown as described in (C) after 3.5 h of growth at 30°C. Cells from LB
(0% NaCl) or LB (1% NaCl) cultures were removed at an OD600 = ~0.3-0.5 and visualized by phase contrast
microscopy. Arrows (white) point to phase-light regions where IM is separated from the OM, and where
vesicles emerge from the cell body. Bar = 5 μm.
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were used in that report and may contribute to this discrepancy.
The chromosomal organization of the yciB locus indicates that it is the second gene in the
polycistronic operon yciC - yciB - yciA (Fig. 2-1A). To confirm the synthetic lethal phenotype of yciB dcrB,
we explored the effect of deletions of genes in the same operon as yciB. Deletion of yciC or yciA, did not
affect viability in a dcrB mutant background (Fig. S2-1E). Although, the dcrB locus is monocistronic, it is
thought to be functionally homologous to dcrA (sdaC), an IM serine transporter, with both supporting phage
entry (Samsonov et al., 2002). We therefore tested whether dcrA exhibits a synthetic lethal phenotype with
yciB. We observed that removal of dcrA in a yciB mutant background did not have any apparent differences
in viability when grown in LB with or without salt (Fig. S2-1E). These results reveal that YciB and DcrB
together play an essential role in E. coli growth and viability in LB (0% NaCl). Although increasing salt in
the media restores growth and viability of the double mutant, severe morphological defects persist indicative
of a critical role for these two cytoplasmic membrane proteins in E. coli growth under standard laboratory
conditions.
A yciB dcrB mutant shows compromised membrane integrity
The gross morphological aberrations of a yciB dcrB mutant suggested alterations in the membrane
properties of these cells. To test whether indeed cells lacking yciB and dcrB have compromised membrane
integrity, we grew the double mutant under permissive conditions in LB (1% NaCl) with the addition of the
detergent SDS and the chelator of divalent cations EDTA, both of which destabilize the LPS layer in the
OM (Nikaido, 2003). The yciB dcrB mutant showed enhanced sensitivity to SDS-EDTA compared to WT
cells (Fig. 2-2A). Interestingly, the yciB single mutant, but not the dcrB single, displayed SDS-EDTA
sensitivity
intermediate to the yciB dcrB mutant and WT levels (Fig. 2-2A). Furthermore, yciB dcrB mutant cells also
displayed increased sensitivity to the glycopeptide vancomycin compared to WT cells underscoring a defect
in the OM barrier function in these mutant cells (Nikaido, 2003) (Fig. 2-2A). Consistent with the SDS-EDTA
susceptibility data, the yciB but not the dcrB single mutant displayed hypersensitivity to vancomycin
indicating a compromised OM in a yciB single mutant (Fig. 2-2A).
The cell-death trajectory of a yciB dcrB double mutant resembles that of a lipid homeostasis mutant
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Next, we visualized the cell death trajectory of a yciB dcrB mutant using time-lapse microscopy. The double
mutant cells showed dynamic oscillations of cytoplasmic volume and membrane vesiculation followed by
cell lysis and death (Fig. 2-2B and Mov. 2-S1). Furthermore, fluorescence imaging revealed cytoplasmic

Fig. 2-2. A yciB dcrB double deletion is impaired in membrane integrity and the cell death trajectory
is associated with cytoplasmic shrinkage, IM retraction, and membrane vesiculation. (A) On the left
is a spot assay of WT and derivative mutants yciB (AM134), dcrB (AM135) and yciB dcrB (AM519) grown
in LB (1% NaCl) agar with the addition of 0.5% SDS and 0.8 mM EDTA. On the right is a spot assay of
the same strains grown in LB (1% NaCl) agar with vancomycin at 150 μg/ml. Overnight cultures grown
under permissive conditions were washed, normalized to OD600 = 1.0, serially diluted, 2 μL of cells spotted,
and plates incubated at 30°C overnight. (B) Cells deleted of yciB and dcrB (AM519) displayed separation
of IM and OM, cytoplasmic shrinking, and IM extension followed by membrane blebbing, lysis and cell
death. Double mutant cells were grown under permissive conditions overnight and subcultured in LB (0%
NaCl) at 30°C as described for Fig. 1(C). After 3.5 h of growth (OD 600 of ~0.4), 2 μL of cells were spotted
onto an LB (0% NaCl) agarose pad, sealed as described in Methods, and immediately imaged by phase
contrast microscopy. Images (a-h) are at 30 min intervals during a 3 h 45 min growth period. Bar = 5 μm.
(C) Phase and fluorescent micrographs of the yciB dcrB mutant strain (AM229) expressing cytoplasmic
GFP. Cells were grown under permissive conditions overnight and sub-cultured as described for Fig. 1(C)
with the exception that IPTG was included at a concentration of 100 μM in the back-diluted culture. After
3.5 h of growth (OD600 of ~0.4), an aliquot of cells was taken and FM 4-64 added to a final concentration
of 1 μg/mL. A 2 μL aliquot of the mixture was spotted onto a 1% agarose pad and immediately imaged by
phase and fluorescent microscopy. Arrow points to a region in the cell where the IM has retracted. (D)
Phase and fluorescent micrographs of the yciB dcrB double mutant strain expressing a MalK-YFP fusion
(AM575). Overnight cultures grown under permissive conditions were subcultured at 1:150 to an OD600 =
0.03 in M9-minimal medium with 0.2% maltose and grown at 37°C. After 4 hours of growth, 2 μL of the
culture were spotted on an agarose pad, and immediately imaged by phase and fluorescent microscopy.
Arrows point to IM retracted areas in the cells that retain membrane fluorescence. (E) Phase and
fluorescent micrographs of the yciB dcrB (AM519) stained with FM 4-64 dye. Overnight cultures grown
under permissive conditions, were sub-cultured and prepared for time-lapse microscopy as described for
Fig. 2(B) with the exception that FM 4-64 was included at 1 μg/mL. The prepared slide was incubated for
20 min at 30°C and imaged. Arrows point to membrane vesicles emerging from various parts of the cell
body. Bar = 5 μm.

44

GFP fluorescence to be restricted to the shrunken cytoplasm while fluorescence from the lipophilic
membrane dye FM4-64 was retained at the cell periphery (Fig. 2-2C). To test whether the IM was indeed
retracting, we determined localization of a YFP fusion to IM maltose/maltodextrin transporter protein, MalKYFP (Boos & Shuman, 1998). Indeed MalK-YFP localized to regions where the IM had separated away
from the outer membrane (Fig. 2-2D). Additionally, the yciB dcrB double mutant cells showed prolific
vesiculation that stained with the FM4-64 dye suggesting that the vesicles contain lipids (Fig. 2-2E). The
vesiculation events were not restricted to the cell division sites but emerged throughout the cell body (Fig.
2-2E). Collectively, the cellular morphologies of a yciB dcrB mutant are reminiscent of a mlaA* mutant that
has envelope integrity defects due to impaired lipid trafficking in the OM (Sutterlin et al., 2016).
LPS levels are increased in a yciB dcrB mutant but are not a major cause of cell death
To investigate the synergistic functions of YciB and DcrB in maintaining membrane integrity we next
examined whether increased LPS was the cause of cell death in a yciB dcrB mutant. High levels of LPS
were posited to be the major determinant of cell death in the lipid homeostasis mutant mlaA* whose cell
death trajectory resembles a yciB dcrB mutant (Sutterlin et al., 2016). Given the abundant vesiculation
events in the yciB dcrB double mutant, we analyzed LPS levels associated both with the cells and those in
the supernatant. Increased LPS has been shown to correlate with enhanced membrane vesiculation
(Schwechheimer & Kuehn, 2015). Under permissive growth conditions in yciB dcrB cells, we observed a
10-fold increase in outer membrane vesicle (OMV) secretion, as measured by LPS content in the
supernatant fraction (Fig. 2-3A and 2-3B). Indeed, the ratio of LPS to total protein in the supernatant fraction
were elevated ~3-fold in the double mutant relative to WT; the increase in supernatant LPS did not appear
to be due to cellular lysis (Fig. 2-3B). Under the same growth conditions, yciB and dcrB single mutants
showed comparable LPS amounts to the WT (Fig. 2-3A and B). Consistent with increased LPS in yciB dcrB
cells, levels of LpxC, the rate limiting enzyme in LPS biosynthesis, were upregulated ~ 3-fold compared to
single mutants or WT (Raetz & Whitfield, 2002) (Fig. 2-3C). These results indicate that without yciB and
dcrB, LPS synthesis is elevated as measured by the increased OMV secretion and LPS amount in the
supernatant fraction. Intriguingly, LPS from the whole cell fraction of the yciB dcrB mutant revealed a ladderlike LPS pattern (Fig. 2-3A). Such an LPS arrangement, also known as MLPS, is associated with increased
synthesis of colanic acid (CA) polymers that are linked to LPS (Meredith et al., 2007). Whether the LPS
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modification seen in a yciB dcrB mutant is analogous to the LPS glycoform that conjugates colanic acid
repeats remains to be determined.
To determine if increased levels of LPS was the cause of cell death, we tested for yciB dcrB viability
in LB (0% NaCl) under several LPS lowering conditions. Reducing LPS biosynthesis by mutating lipid A
biosynthesis (lpxC1272 or lpxC101), LPS phosphorylation (rfaP) or LPS core synthesis (galU) all failed to
suppress yciB dcrB lethality under the restrictive growth conditions (Fig. 2-S3). Similarly, overexpression of
YciM, a negative regulator of LPS synthesis, in the yciB dcrB background failed to restore viability
(Mahalakshmi et al., 2014) (Fig. 2-S3). These genetic results strongly suggested that increased LPS is not
the major cause of yciB dcrB lethality in LB without salt. This conclusion also derives support from the
inability of magnesium ions to suppress yciB dcrB mutant lethality (Fig. S2-1B and S2-1C). The divalent
cation magnesium is known to charge-screen and bridge the repulsive forces generated by the negatively
charged LPS (Nikaido, 2003).
Major changes to OM lipid asymmetry are not detected in a yciB dcrB mutant
An altered ratio of LPS to PL in the OM can result in accumulation of phospholipids in the outer leaflet of
the OM (Sutterlin et al., 2016, Malinverni & Silhavy, 2009). Prior to testing the surface exposure of
phospholipids, we analyzed the PL composition and levels in the WT, single and double mutants using thin
layer chromatography (TLC). The profiles of the yciB dcrB double mutant revealed no significant differences
in the major phospholipids, phosphatidylglycerol (PG), phosphotidylethanolamine (PE) and cardiolipin (CL)
compared to the single mutants and WT (Fig. S2-4A). Note, the susceptibility of yciB dcrB strains to
vancomycin (described above in Fig. 2-2A) provided a facile method to differentiate between PG and
phosphatidic acid (PA) production in the TLC analysis. Mutants that accumulate PA are resistant to
vancomycin (Fig. S2-4B) (Sutterlin et al., 2014). Therefore, we conclude that phosphatidylglycerol
abundance is likely not significantly altered in a yciB or yciB dcrB mutant.
To determine whether a yciB dcrB mutant results in surface-exposed PLs, we tested for synthetic
lethality with genes in the mla retrograde lipid trafficking pathway that removes PL from the outer leaflet of
the OM (Sutterlin et al., 2016, Malinverni & Silhavy, 2009). They revealed no synthetic phenotypes with
either yciB or dcrB single mutants (Fig. S2-4C). Further confirmation that PL asymmetry at the OM was
likely not disrupted in a yciB dcrB mutant came from altering the levels of PldA, an OM phospholipase
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known to play an important role in maintaining lipid asymmetry at the OM (Sutterlin et al., 2016). Neither
multicopy expression nor removal of pldA rendered the yciB dcrB double mutant viable (Fig. S2-4D).
Collectively, these genetic data reveal that major changes in phospholipid accumulation at the outer leaflet
of the OM are unlikely to be the cause of cell death in a yciB dcrB double mutant.
Accumulation of OM lipoprotein Lpp at the IM results in lethal PG-IM linkages in a yciB dcrB double
mutant
To identify whether yciB dcrB lethality is due to a failure of OM assembly or organization, we tested the
ability of single deletions in ompA, tolA, pal, and lpp to restore yciB dcrB viability. Of these, only a lpp
deletion robustly suppressed yciB dcrB cell death (Fig. 2-4A and Fig. S2-3). Braun’s lipoprotein Lpp exists
both in periplasmic and transmembrane forms in the OM; in the periplasmic form, it links peptidoglycan to
the OM maintaining an optimal periplasmic distance between the two membranes, which is necessary for
membrane stress response mechanisms to detect and combat damage to the envelope (Asmar et al.,
2017). We note that the bulged morphology of yciB dcrB cells is suggestive of peptidoglycan-related defects
(Figs. 2-1 and 2-2). Indeed, yciB dcrB lpp cells were indistinguishable compared to WT in growth and
morphology (Fig. 2-4B).
Mislocalization of Lpp to the IM and linkage of PG to the IM have been shown to be lethal (Yakushi
et al., 1997). To examine whether Lpp-mediated linkage to the PG was a likely cause of cell death, we
transduced a null allele in ldtB, an L-D transpeptidase which is primarily responsible for the covalent linkage
of Lpp to the PG, into the yciB dcrB mutant (Magnet et al., 2007). Although morphological defects of the
yciB dcrB double mutant partially persisted in the yciB dcrB ldtB triple mutant, the deletion of ldtB restored
cell growth, suggesting that Lpp-mediated PG-membrane linkage contributes to yciB dcrB cell death (Figs.
2-4A and B). Further confirmation came from the ability of the IppK58 allele, which abolishes Lpp linkage to
the cell wall, to suppress yciB dcrB lethality in LB without salt (Cowles et al., 2011) (Fig. 2-4A).
We next considered the possibility that Lpp is stalled at, or mislocalized to the IM, leading to
deleterious IM-PG linkages in the yciB dcrB mutant. We analyzed Lpp levels in membrane fractions of yciB
dcrB mutant cells grown in LB (1% NaCl) where cells are viable but we still observe cytoplasmic shrinkage
and other morphological defects (Fig. 2-1D). In WT cells, as expected, Lpp was restricted to the OM
fractions (Fig. 2-4C). But in the yciB dcrB double mutant, both the OM lipoprotein Lpp and an IM protein,
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YidC, co-sedimented in the highest density fractions of the gradient, suggesting that the inner and outer
membranes had failed to separate (Samuelson et al., 2000) (Fig. 2-4C). The NADH oxidase activity profile
of the fractions was consistent with this interpretation (Fig. 2-4D). Next, we took advantage of the yciB dcrB
ldtB triple mutant cells to probe the membrane localization of Lpp at steady-state levels. Although yciB dcrB
ldtB cells are viable, morphological defects exist in a majority of the cell population, perhaps due to presence
of other L-D transpeptidases (Magnet et al., 2007). Indeed, in the yciB dcrB ldtB triple mutant cells,

Fig. 2-3. A yciB dcrB double mutant shows increased LPS and LpxC levels. (A) SDS-PAGE gel
electrophoresis showing whole cell LPS levels from WT, and mutant derivatives yciB (AM134), dcrB
(AM135), and yciB dcrB (AM519) strains. Overnight cultures grown under permissive conditions were
subcultured at 1:150 in LB (1% NaCl) and grown at 30°C until reaching an OD600 of 0.4-0.8 before
harvesting cells for electrophoresis. Loading volumes were normalized to OD600. Double arrows on the
right point to ladder-like pattern of LPS. (B) SDS-PAGE gel electrophoresis showing supernatant LPS
levels from WT, and mutant derivatives yciB (AM134), dcrB (AM135), and yciB dcrB (AM519) strains.
Top panel; LPS was collected from the supernatant fraction as described in Methods at the same point
of growth as for whole cell analysis and loading volumes were adjusted to OD600. Bottom panel; total
protein in the supernatant fraction was estimated and equal amount of protein was loaded in each lane
of the gel. Shown below the whole cell (A) and supernatant fraction (B) gels are immunoblots probing
for FtsZ as a cytoplasmic protein control for cell lysis as described in Methods. (C) Immunoblot result
showing LpxC levels of strains in (A) and WT with pLpxC (AM721). Cells were grown and analyzed by
immunoblotting as described in Methods. Representative gels or blot are shown in this figure with mean
relative intensity values and standard deviation (SD) derived from at least two independent
experiments.
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Fig. 2-4. OM protein mislocalization to IM in the yciB dcrB null leads to IM-PG linkages. (A) Spot
viabilityof WT and derivative mutants yciB dcrB (AM519), yciB dcrB lpp (AM950), and yciB dcrB ldtB
(AM966), and yciB dcrB lppΔK58 (AM1072). Cells grown overnight under permissive conditions were serially
diluted and spotted on LB (0% NaCl) agar and incubated at 30°C overnight. (B) Representative images of
WT (a), lpp (AM949) (b), ldtB (AM1032) (c), yciB dcrB lpp (AM950) (d), and yciB dcrB ldtB (AM966) (e)
mutants. Cells were grown under permissive conditions overnight and subcultured as described in Fig.
1(C). After 3.5 h of growth at 30°C, cells were visualized by phase contrast microscopy. Bar = 5 μm. (C-D)
Immunoblot results and NADH oxidase activity from fractionated membranes of WT, and mutant derivatives
yciB dcrB (AM562), and yciB dcrB ldtB (AM966). Shown are odd-numbered fractions 7 through 25, with 25
representing the most-dense aliquot isolated from the bottom of the sucrose gradient. Membranes were
collected from cells and proteins detected by immunoblotting using antibodies against the IM protein (YidC),
OM lipoproteins (Lpp and BamD), and OMPs (LamB/OmpA) as described in Methods.

significant amounts of Lpp were detected in IM fractions suggesting partial retention of Lpp in the IM (Fig.
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2-4C). Since, both ldtB null and IppK58 alleles suppress yciB dcrB lethality, these results would argue that
steps in lipoprotein biogenesis post-secretion across the IM are mainly affected in the mutant.
General lipoprotein trafficking irregularities may exist in yciB dcrB cells
To determine whether the Lpp membrane localization defects were due to general lipoprotein sorting
defects at the IM, we examined the localization of BamD, an OM lipoprotein subunit of the essential Bam
complex required for OM protein assembly (Wu et al., 2005). BamD is trafficked to its final OM location
independently of LolA and LolB, the extra-cytoplasmic components of the canonical Lol lipoprotein
trafficking system (Szewczyk & Collet, 2016, Grabowicz & Silhavy, 2017). Although, BamD was mostly
observed in the OM fractions of yciB dcrB ldtB mutant cells, its distribution in the gradient was wider than
in WT cells suggesting that general OM lipoprotein assembly defects may be present in the mutant
background (Fig. 2-4C).
Additional genetic evidence also point to alterations in lipoprotein transit steps post-translocation
across the IM in yciB dcrB mutant cells. First, overexpression of LolCDE, the ABC transporter responsible
for releasing lipoproteins from the IM, failed to alleviate the viability defects of a yciB dcrB mutant (Fig. S25A). Second, introduction of the prlA4 allele in the secY gene, led to only a weak suppression of yciB dcrB
mutant lethality (Emr et al., 1981). The prlA4 allele is a suppressor that reduces the requirement for signal
peptide recognition and has been shown to affect the SecYEG channel stability and pore size (Lycklama &
Driessen, 2012, Corey et al., 2016). Furthermore, deletion of secB or secG components of the Sec
machinery showed mild or no viability defects in yciB dcrB cells under permissive growth conditions (Fig.
2-5C). Taken together, these results suggest that post-translocation pathways of OM protein assembly are
likely to be primarily affected in cells lacking YciB and DcrB.
OMPs accumulate at the IM in yciB dcrB cells
To test whether assembly of transmembrane β-barrel proteins, the other major class of OM proteins, are
also affected in a yciB dcrB mutant, we determined the membrane localization of two well-characterized
integral β-barrel proteins, LamB and OmpA, in the membrane fractions of a yciB dcrB ldtB triple mutant and
compared them to WT fractions. The distribution of LamB and OmpA were restricted to the OM fractions in
WT cells (Fig. 2-4C and 2-4D) but, in a yciB dcrB ldtB mutant, the distributions of both LamB and OmpA
were broad and overlapping with IM fractions of the gradient. These data suggested that at least a subset
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of OMPs were mislocalized to the IM (Fig. 2-4C). This buildup at the IM was not due to significant changes
in the total levels of LamB and OmpA (Fig. 2-S6). The increases in BamA, LamB and OmpA in the
supernatant of the double mutant is likely due to hypervesiculation (Fig. 2-S6). Interestingly, an earlier study
showed reduced levels of LamB, OmpA, OmpF, and OmpC, in the OM fractions in a yciB single mutant
(Niba et al., 2008). We have not explicitly tested for OM protein abundance in the single mutants but the
sensitivity of a yciB single mutant to detergent and vancomycin aligns well with altered OM properties in a
yciB single mutant (Fig. 2-2A).

Fig. 2-5. Removal of the periplasmic chaperone, Skp, suppresses yciB dcrB mutant lethality. (A)
Spot viability of WT and isogenic mutant strains skp (AM951), yciB dcrB (AM519), and yciB dcrB skp
(AM866). Cells were grown under permissive conditions overnight, serially diluted, spotted on LB (0% NaCl)
agar and incubated at 30°C or 37°C for 16-24 h at which point plates were photographed. (B) Spot assays
showing WT (AM1033) and mutant derivatives yciB dcrB (AM1034), yciB dcrB skp with empty vector
pACYC184 (AM1035), or the plasmid pSkp (AM1036). Cells were grown under permissive conditions with
the appropriate antibiotic overnight, washed, serially diluted, spotted on to LB (0.5% NaCl) agar with the
appropriate antibiotic, and incubated at 37°C overnight.
A genetic clue in support of our hypothesis that OMPs are stalling in the IM came from work on
Skp, a periplasmic chaperone involved in OMP biogenesis. When OM protein assembly is impaired, Skp
has been reported to insert porins into the IM leading to depolarization of the cytoplasmic membrane
(Grabowicz et al., 2016). We posited that removal of skp would rescue yciB dcrB mutant cells under
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restrictive conditions. Indeed, introduction of a skp null allele into a yciB dcrB mutant partially rescued
growth in LB (0% NaCl) at 30°C, and more robustly at 37°C (Fig. 2-5A). Lethality was reestablished by
plasmid-borne expression of Skp in the yciB dcrB skp triple mutant under restrictive conditions, implicating
Skp in the growth defects of the yciB dcrB mutant (Fig. 2-5B). From these results, we conclude that posttranslocation steps in the assembly of OMPs are most likely impaired in the yciB dcrB double mutant.
Cell envelope stress response Cpx is upregulated and enhances yciB dcrB cell growth
We sought to understand the nature of the extracytoplasmic stress encountered by cells lacking yciB and
dcrB. Therefore, we tested the regulatory output of five well-characterized envelope stress response
pathways: Cpx, Psp, Bae, Rcs, and σE in this mutant (Bury-Mone et al., 2009). Enzymatic activity of
chromosomal lacZ fusions to known target genes in the respective pathways, cpxP, pspA, spy, rprA, and
rpoH were measured in the single and double mutants relative to WT under permissive conditions (BuryMone et al., 2009). The Rcs, Cpx, and Bae response pathways were up-regulated approximately 2-, 4- and
5-fold, respectively, in the yciB dcrB double mutant compared to the WT (Fig. 2-6A). Both Cpx and Rcs
stress responses were activated in the yciB single by 2- to 3-fold each, while Rcs alone was activated by ~
2-fold in the absence of dcrB (Fig. 2-6A). The upregulation of Rcs correlates well with the characteristic
mucoid phenotype (due to overproduction of colanic acid synthesis) observed in cells lacking yciB dcrB
mentioned earlier (Gottesman et al., 1981). The Cpx signaling system is closely associated with
perturbations to IM homeostasis, while the Bae system responds to toxic compounds by controlling the
expression of multidrug transporters (Raivio, 2014, Raffa & Raivio, 2002). Also, Psp stress response was
upregulated by ~ 2-fold in yciB dcrB cells; this is approximately the same level of activation shown by the
target pspA promoter in response to ethanol stress, a known inducer of the Psp signal transduction system
(Bury-Mone et al., 2009) (Fig. S2-7A). The Psp signal transduction is particularly responsive to changes at
the IM, especially those associated with dissipated proton motive force (Flores-Kim & Darwin, 2016).
Notably, the σE pathway known to monitor OM fidelity was not upregulated for either the single or the double
mutant strains relative to WT under these growth conditions (Konovalova et al., 2018) (Fig. 2-6A). Overall,
the transcriptional analyses underscore that even under permissive growth conditions, cells deleted of yciB
and dcrB perceive a broad range of envelope stress stimuli.
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Next, we tested growth of yciB dcrB cells in LB (1% NaCl) but lacking each of CpxR, RcsB, BaeR,
or PspF response regulators. Only a cpxR yciB dcrB triple mutant displayed reduction in growth compared
to a yciB dcrB double mutant in LB (1% NaCl) suggesting that activation of Cpx system is beneficial for
growth in cells lacking YciB and DcrB (Fig. 2-6B). Note that deletion of stress response regulators did not
restore growth to yciB dcrB cells under restrictive growth conditions illustrating that overactivation of stress
response systems was likely not the cause of cell death (Fig. 2-S8). Collectively, these results strongly
suggest that yciB dcrB cells have severely compromised membrane integrity and, given the induction of
Cpx and Psp response systems these perturbations are likely to occur at the IM and may be coupled to the
energy status of the IM.
YciB and DcrB play synergistic roles in maintaining PMF
Given the pleiotropic phenotype of a yciB dcrB mutant, we considered that YciB and DcrB may play
synergistic roles in contributing to a fundamental property of the cytoplasmic membrane such as the PMF.
A few observations are consistent with this conjecture. One, YciB bears a LeuT-like transport fold
characteristic certain IM proteins cation/proton transporters thought to influence PMF across the
cytoplasmic membrane (Khafizov et al., 2010, Boughner & Doerrler, 2012). Two, the requirement of Cpx
for viability of the yciB dcrB double mutant; recent studies have defined a role for the Cpx signaling system
in energy production and transport at the IM (Guest et al., 2017). Three, activation of Psp stress response
in yciB dcrB cells; the major role of this pathway is considered to be in the maintenance of the
transmembrane PMF. And lastly, activation of Bae pathway which is an effector of a small number of genes
mostly involved in multidrug transport.
We first examined PMF defects in the double mutant using flagella-based locomotion as a facile
read-out because the flagellar motor is powered by PMF (Erhardt et al., 2010). In motility agar plates, WT
cells migrated to distances similar to those reported previously (Wolfe & Berg, 1989) (Fig. 2-7A). The yciB
dcrB mutant, however, showed significantly reduced migration comparable to that of a motA flagellar motility
mutant; MotA is the PMF-dependent motor component of the flagellar machinery (Erhardt et al., 2010) (Fig.
2-7A). The yciB and dcrB single mutants each showed reduced motility intermediate to WT and the yciB
dcrB double, suggesting that mutations in either yciB or dcrB may lead to compromised PMF (Fig. 2-7A).
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To measure potential PMF related defects more directly, we examined sensitivity of the single and
double mutants to sub-lethal doses of the proton uncoupling agent, carbonyl cyanide m-chlorophenyl
hydrazone (CCCP). A yciB single mutant and a yciB dcrB double mutant displayed sensitivity to CCCP at

Fig. 2-6. Multiple envelope stress response systems are upregulated in a yciB dcrB mutant. (A)
Chromosomal lacZ fusions to target genes in Cpx, Psp, Bae, Rcs, and σE, stress response regulons were
assayed for ß-galactosidase activity in the WT TB28 background (AM1245, AM1247, AM1243, AM1249
and AM 1251) and in the derivative mutant backgrounds yciB (AM1137), dcrB (AM1138), and yciB dcrB
(AM1139). Overnight cultures were grown in LB (1% NaCl) and sub-cultured at 1:100 in the same medium
and grown to early exponential phase for 3 h at 30°C at which point transcriptional activity was determined
as described in Methods. Mean values and standard deviations are derived from triplicate readings of 3
or more independent cultures for each experiment. (B) Spot assay of WT (AM564, AM563, AM565, and
AM566) and derivative mutants in yciB (AM134), dcrB (AM135) and yciB dcrB (AM519) backgrounds with
single deletions in envelope stress response regulators baeR, cpxR, pspF, and rcsB were conducted with
overnight cultures grown under permissive conditions. Cells were washed, normalized to OD 600 = 1.0,
serially diluted, 2 μL of cells were spotted on LB (1% NaCl) agar, and plates incubated at 30°C overnight.
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concentrations that did not affect WT or a dcrB single mutant viability (Fig. 2-7B). These data point to
reduced PMF in yciB and yciB dcrB mutant cells.
To corroborate that increased sensitivity to CCCP was not simply due to altered membrane
permeability in yciB or yciB dcrB, we conducted a cell biological assay which uses DiOC2(3), a fluorescent
membrane-potential indicator dye. The dye concentrates and aggregates in cells with normal PMF and
exhibits a shift from green to red fluorescence. In cells, with sub-optimal PMF, red fluorescence intensity is
decreased. We observed reduced PMF in cells lacking YciB and DcrB compared to WT noted by the
reduction in red fluorescence intensity (Fig. 2-7C). Strikingly, a yciB mutant alone showed impaired PMF,
which could be complemented by the introduction of YciB in trans (Fig. 2-7C and Fig. S2-8A). The assay
was conducted under permissive conditions of growth for the yciB dcrB double and staining for cell viability
confirmed that cell death was not responsible for the loss in PMF (Fig. S2-8B). Collectively, these data
suggest YciB contributes to generation of optimal transmembrane PMF, and these defects in PMF are
exacerbated in the absence of both YciB and DcrB.
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Fig. 2-7. Membrane potential analysis indicates altered PMF in a yciB dcrB deletion. (A) Migration
patterns in a cell motility assay of WT and isogenic mutants yciB (AM134), dcrB (AM135), yciB dcrB
(AM519), and motA (AM1045). Strains were grown under permissive conditions overnight and cultures
were normalized to OD600 = 4.0. Cells were then either injected (2 μL; left) into or spotted (5 μL, right) onto
an LB (1% NaCl) medium containing 0.285% or 0.3% agar, respectively. Plates were incubated at 30°C for
8 or 16 h, respectively, prior to imaging. The identity of each spotted strain is shown in the cartoon to the
right. (B) Sensitivity of yciB (AM134) dcrB (AM135) and yciB dcrB (AM519) cells to sub-lethal
concentrations of the uncoupling agent CCCP was determined relative to WT. Cells were grown overnight
under permissive conditions, and 4 μL were spotted on LB (1% NaCl) agar plates containing 20, 25 or 30
μM CCCP and incubated at 30°C for ~16 h, at which point they were imaged. (C) Fluorescent images of
WT and derivative mutants yciB (AM134), dcrB (AM135), and yciB dcrB (AM519) cells stained with BacLight
DiOC2(3) dye. Cells were grown under permissive conditions overnight, subcultured into LB (1% NaCl) and
after 3 h of growth at 30°C, pelleted and resuspended in solubilization buffer containing DiOC 2(3) and
treated as described in Methods. Cells were then imaged by phase and fluorescent microscopy. Bar = 5
μM. Change in membrane potential is represented as a ratio of the fluorescence intensity of cells in
FITC/Texas Red filter channels. For each strain, fluorescence intensities for 100 cells were measured and
the average ratios with standard deviation is plotted in the adjacent graph. A higher fluorescence intensity
ratio corresponds to a lowered membrane potential. The WT with the CCCP control is not included in the
graph.

2-3 Discussion
In this study, we have identified and demonstrated the synergistic role of two poorly characterized IM
proteins, YciB and DcrB, in maintaining cell envelope integrity with implications in OM protein assembly.
Our results also suggest that the Cpx two-component system, a sentinel of IM integrity, controls the
response to these stresses at the IM and enhances growth. We propose the following working model for
the cellular role of YciB and DcrB in E. coli (Fig. 2-8).
Lack of YciB and DcrB leads to OM protein assembly defects
In the absence of YciB and DcrB gene products, OM protein assembly is impaired in E. coli as revealed by
the accumulation of the abundant OM lipoprotein Lpp at the IM, the mislocation of the OM lipoprotein BamD,
and the presence of major OMPs LamB and OmpA at the IM (Fig. 2-4C). Our results indicate that the
lethality of the yciB dcrB mutant is suppressed by the removal of ldtB, a major transpeptidase that links Lpp
to PG, or by the introduction of the lppK58 allele, which is unable to form Lpp-PG linkages (Fig. 2-4). These
results confirm that it is not the stalling of Lpp at the IM per se that is the cause of cell death, but, Lppmediated linkage of PG to the cytoplasmic membrane.
Deletion of Skp, a general periplasmic chaperone for OMP targeting, also rescues viability to a yciB
dcrB mutant grown under restrictive conditions (Fig. 2-5). The major function of Skp is thought to be
rescuing OMP intermediates that have fallen off the SurA-assisted OMP biogenesis pathway (Sklar et al.,
2007, Grabowicz et al., 2016). However, Skp is also proposed to insert mistargeted OMPs into the IM, and
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Fig. 2-8. Model for the roles of YciB and DcrB in maintaining cell envelope integrity. Shown is a
schematic depicting the predicted roles of YciB and DcrB in modulating cell envelope integrity in E. coli.
Phospholipids (light gray) and lipopolysaccharide (dark gray) are shown as part of the Gram-negative
cell envelope. Compared to WT cells, we envision that loss of YciB and DcrB results in defects in OM
protein assembly pathways (gray arrows) leading to accumulation of the abundant OM lipoprotein Lpp
and OMPs such as LamB and OmpA at the IM. The stalled Lpp leads to lethal links between the IM and
PG. Stalled OMPs are likely inserted into the IM through a process involving the periplasmic chaperone
Skp leading to membrane depolarization (gray curved arrow). Mild Sec-translocation defects may also
exist (thinner black arrow). Increased synthesis of LPS rate-limiting enzyme LpxC leads to elevated LPS
levels accompanied by membrane blebs or vesiculation (OMV). Changes to lipid homeostasis are noted
by dynamic retraction and extension of the IM. These defects are compounded in low-osmolarity media
which leads to lysis and cell death. The Cpx, Bae, Rcs, and Psp, cell envelope stress systems are
activated with Cpx playing a critical role in combating the IM stress. IM = inner membrane, PG =
peptidoglycan, OM = outer membrane, PMF = proton motive force, OMP = outer membrane proteins,
and OMV = outer membrane vesicles.
.
this insertion of -barrel proteins into the IM can lead to depolarization of the membrane (Grabowicz et al.,
2016). Since the cellular levels of OMPs are not decreased in the absence of Skp, it is unlikely that a skp
deletion results in a reduction in the amounts of protein being targeted to the OM (Sklar et al., 2007). Rather,
we surmise that removal of skp prevents toxic assembly of OMPs into the IM and rescues growth of a yciB
dcrB mutant. Supporting this notion are observations that the Cpx system is activated in and is required to
maintain viability of the yciB dcrB mutant grown in permissive conditions (Fig. 2-6). The Cpx system
downregulates the levels of Skp, and a cpxR null has been shown to be conditionally lethal in strains with
compromised OMP biogenesis (Grabowicz et al., 2016).
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Our results also reveal that the OM protein targeting defects are likely to impact a post-Sec
translocation step of OM biogenesis since ldtB, lppK58 or skp mutants are able to robustly suppress yciB
dcrB lethality (Figs. 2-4 and 2-5). Consistent with this notion, yciB dcrB lethality is only weakly suppressed
by the prlA4 variant of SecY known to stabilize the open state of the SecYEG translocon at the IM.
Lipid homeostasis is altered in a yciB dcrB mutant
Inactivation of yciB and dcrB leads to upregulation of LpxC and correspondingly increased LPS synthesis
and membrane vesiculation (Fig. 2-4). The molecular mechanisms of how LpxC levels are elevated in these
mutant cells remain to be tested. While high LPS is not the primary cause of lethality, it may be associated
with dynamic membrane retractions and extensions, and prolific membrane vesiculation and shedding,
likely due to altered PL:LPS ratios. Despite the loss of membrane material due to OM blebbing, yciB dcrB
cells do not appear to accumulate surface-exposed PLs (Fig. S2-4). Surprisingly, production of the major
phospholipids in the double mutant does not show significant differences compared to the WT and single
mutants (Fig. S2-4). This was particularly intriguing since a mutation in pgsA, which catalyzes the committed
step in major acidic phospholipids (PG and CL) synthesis, is sensitive to hypoosmotic stress, has a
compromised lipoprotein maturation machinery, and accumulates Lpp at the IM leading to lethal covalent
linkages of the IM to the peptidoglycan (Kikuchi et al., 2000). Similar to yciB dcrB cells, deletion of lpp
suppresses the lethality of a pgsA null allele (Kikuchi et al., 2000). In spite of the strikingly similar
phenotypes and mode of suppression exhibited by a yciB dcrB double and a pgsA mutant, our results
suggest that these genes are likely not operating in the same pathway. We find that yciB dcrB cells do
produce the acidic phospholipids, PG and CL, indicative of a functional anionic PL synthesis pathway (Fig.
S2-4). Furthermore, unlike a pgsA mutant, yciB dcrB cells are sensitive to vancomycin suggesting that they
do not accumulate PA (Figs. 2-2 and S2-4). Lastly, although a lpp deletion can rescue both yciB dcrB and
a pgsA mutant, an lpp pgsA mutant displays a thermosensitive phenotype due to constitutive Rcs activation
(Shiba et al., 2004). In contrast, yciB dcrB lpp cells are not heat-sensitive and removal of rcsB in the yciB
dcrB background does not support viability under restrictive conditions of growth suggesting upregulation
of Rcs is not the cause of cell death (Fig. S2-8). On the whole, lipid homeostasis appears to be altered in
yciB dcrB cells rather than a deficiency in the synthesis of acidic PLs.
YciB and DcrB contribute to optimal PMF
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We infer that the PMF falls below optimal levels in E. coli cells lacking yciB and dcrB. The ability of a skp
null to rescue yciB dcrB mutant lethality could be due to a reduction in porins misinserted into the IM,
thereby preventing depolarization of the transmembrane potential. Second, yciB and yciB dcrB cells
displayed reduced flagellar motility and sensitivity to the uncoupling agent CCCP suggesting that generation
or maintenance of PMF may be sub-optimal in these mutant cells. However, the possibility that reduced
motility is an indirect consequence of the downregulation of flagellar biosynthesis due to the activation of
various stress response mechanisms cannot be ruled out. Similarly, the CCCP sensitivity exhibited by yciB
and yciB dcrB cells could be a result of increased membrane permeability of these mutants. The strongest
evidence consistent with a dissipated PMF both in a yciB null and yciB dcrB double mutant cells comes
primarily from the cytological dye assay results where membrane potential is reported as a ratio of green/red
fluorescence intensities (Fig. 72-C). These results suggest a reduction in membrane potential of a yciB
mutant which can be restored to optimal levels upon expression of YciB in trans (Fig. S2-8A). Similar
reduction in membrane potential is also observed in the yciB dcrB double mutant (Fig. 72-C). Further,
indication that the PMF is altered in these mutants comes from the induction and requirement of the Cpx
system, which responds to diverse cues such as osmolarity, perturbations in IM protein complexes,
alterations in PMF, and also the activation of the Psp response which monitors the energy status of the cell
(Fig. 2-6).
Cellular roles for YciB and DcrB
We do not yet understand the precise molecular mechanisms exhibited by YciB and DcrB either individually
or synergistically in maintaining the integrity of the cytoplasmic membrane. Diverse yciB related phenotypes
have been described in the literature: cell separation defects, interaction with division and morphogenetic
proteins, biofilm deficiency, resistance to the antibiotic bicyclomycin, requirement in the entry of contact
dependent inhibition toxins, and colicin cytotoxicity (Mac Siomoin et al., 1996, Lycklama & Driessen, 2012,
Willett et al., 2015, Niba et al., 2010, Niba et al., 2008, Sharma et al., 2009, Li et al., 2015, Badaluddin &
Kitakawa, 2015). Our results of YciB playing a critical role in the barrier function of the OM and OM protein
assembly perhaps by modulating a fundamental property of the IM such as PMF maintenance, offer a
simplifying explanation for the pleiotropic phenotypes exhibited by yciB mutants described in earlier studies.
One attractive possibility is for a role for YciB in cation/proton transport, either directly, or indirectly by
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altering the function of another transporter, potentially influencing the pH component of the PMF. Consistent
with this idea, is the presence of a LeuT transporter-like fold in YciB, and the observation that addition of
cations such as sodium, potassium, and to some extent calcium, supports viability of the yciB dcrB double
mutant cells. Prior reports on DcrB are limited. A few studies show its requirement for bacteriophage C1
and C4 DNA entry (Likhacheva et al., 1996, Samsonov et al., 2002). However, the C1 and C4 phages,
reported to be E. coli K12 bacteriophages, are themselves not well-characterized. Another study reports
protein-protein interaction between the lambda phage terminase small subunit Nu1 and DcrB (Blasche et
al., 2013). The significance of these observations remains to be examined.
While yciB is widely conserved across -, -, and -proteobacteria, including several enteric
pathogens, dcrB is restricted to the  class of the proteobacterial phylum. Notably, according to structure
prediction tools, DcrB shares homology to a Mog1p/PsbP-like fold; PsbP is required for the full function of
photosystem II in plant chloroplasts and Mog1p is a regulatory protein for the nucleocytoplasmic transport
of Ran GTPase with perhaps an additional role in osmosensing signal transduction in yeast (Ifuku et al.,
2004, Lu et al., 2004). The homologies and distribution patterns of yciB and dcrB orthologues may shed
light on their individual roles in modulating membrane homeostasis to the specific needs of the species.
Nonetheless, it is tempting to speculate that YciB and DcrB perhaps act together in a pathway that involves
some form of osmoregulatory transport.
The role of small IM proteins in maintaining transmembrane PMF
A conserved set of eight IM proteins belonging to the DedA family have recently been reported to maintain
IM integrity in E. coli (Boughner & Doerrler, 2012). The DedA-family proteins are deemed to be collectively
essential in E. coli (Boughner & Doerrler, 2012). All eight members of the DedA family proteins show limited
similarity to the LeuT transporter superfamily although none of them have been experimentally verified to
be transporters themselves (Boughner & Doerrler, 2012). The cellular roles of this protein family are not
well understood, but they appear to be critical across a diverse set of environmental stress conditions
including changes in pH, temperature, and osmotic strength (Boughner & Doerrler, 2012, Kumar & Doerrler,
2015). A double deletion of DedA family genes yqjA and yghB results in pleiotropic defects including altered
lipid compositions, high temperature sensitivity, inefficient export of periplasmic amidases, sensitivity to
several antibiotics, and compromised membrane potential (Kumar & Doerrler, 2014). Several envelope
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stress response regulators have been shown to be upregulated in the absence of yqjA and yghB revealing
an overall impairment of cell envelope integrity (Sikdar et al., 2013). The prevailing model for the functions
of DedA family is that these proteins are involved in maintaining PMF homeostasis perhaps by acting as
cation-proton transporters. Relevant to our current study is that several phenotypes reported for mutations
in DedA family genes overlap with those exhibited by the yciB dcrB double mutant. While the YciB protein
is also an integral membrane protein and bears a LeuT transporter-like fold, it does not reveal any similarity
to the DedA family members at the amino-acid level and is more limited in its distribution across bacterial
phyla. The role of the IM lipoprotein DcrB in influencing membrane integrity is less readily apparent.
Notwithstanding, these studies reveal the existence of a large family of unexplored small inner membrane
proteins which may have an essential role in preserving the integrity of the inner membrane under a variety
of growth conditions.
In summary, our work has demonstrated the synergism of two IM proteins, with hitherto unknown
functions, in maintaining cell envelope integrity in E. coli, likely by influencing OM protein biogenesis. The
precise molecular relationship of these two proteins in contributing to OM protein assembly, whether these
proteins physically interact at the IM to execute their function, their contributions to generation of optimal
transmembrane PMF, their individual roles in the physiology of E. coli and related bacteria, and in their
absence, the nature of the IM stress sensed by Cpx and other envelope stress systems, are yet to be
determined.
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2-4 Experimental Procedures
Growth media and strains
Cells were grown in LB (1% tryptone, 0.5% yeast extract, 1% NaCl) referred to as LB (1% NaCl) or LB with
0.5% NaCl, referred to as LB (0.5% NaCl), or LB with no NaCl, referred to as LB (0% NaCl) or Nutrient
Agar (NA) or minimal M9 media supplemented with 0.2% casamino acids and 0.2% maltose, at 37°C or
30°C. Antibiotics were used at concentrations of 20 μg/mL (chloramphenicol; Cm), 50 μg/mL (kanamycin;
Kan), 100 μg/mL and 10 μg/mL (tetracycline; Tet) for chromosomal integrants. For induction conditions,
arabinose at 0.02% or isopropyl -D-1-thiogalactopyranoside (IPTG) at varying concentrations reported in
the figure legends were used. Strains and plasmids utilized in this study are listed in Tables 1, 2, and S1.
For all reported data, E. coli strains used are derivatives of MG1655. Deletion mutants were generated by
P1 phage transduction using the Keio collection strains as donors, unless otherwise mentioned (Baba et
al., 2006). To generate strains with multiple deletion alleles, kanamycin resistance markers in the
chromosome were excised via flanking FRT sites and FLP recombinase (Datsenko & Wanner, 2000).
Plasmid constructs were obtained by PCR amplification of relevant plasmid DNA or MG1655 chromosomal
DNA using Phusion Flash High-fidelity polymerase (ThermoFisher) and ligated into appropriate vectors
utilizing T4 DNA ligase. Primers used in the study are listed in supplemental methods.
Synthetic lethal genetic screen
MR903 (MG1655 yciB::frt pAM34-yciB) was infected with λ1316 (Tn10dKan) to generate a library of
transposon insertion mutants. The KanR library was screened for colonies that were not able to grow on LB
(1% NaCl). One colony that showed partial sickness on LB (1% NaCl) and completely no growth on Nutrient
Agar (NA) media at 30°C was chosen for further analysis. The gene carrying the insertion was identified by
cloning the KanR fragment along with the flanking chromosomal sequences into plasmid pCL1920 followed
by sequencing using appropriate primers in the kanamycin cassette and the M13 primers.
Spot viability and growth assays
Overnight cultures of yciB dcrB/pBAD33-yciB (AM519) grown in LB (1% NaCl) with 0.02% arabinose with
appropriate antibiotics at 37°C, were pelleted, washed, and normalized to optical density OD600 = 1.0 in LB
with or without salt appropriate to the dilution plating conditions on the agar. Cell suspensions were serially
diluted from 10–2 to 10–6 and 4 μL from each dilution was spotted on plates and grown at 30°C or 37°C for
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16-24 h, at which point the plates were photographed (Syngene Gel-Doc). For growth analysis in broth,
cells were grown under permissive conditions overnight and then sub-cultured to 1:150 in the appropriate
growth medium, unless otherwise mentioned. Relative growth was monitored by obtaining readings at
OD600 at 1 h intervals.
Microscopy
Cells were grown overnight in permissive conditions and subcultured into appropriate media and growth
conditions as described in the figure legends for experiments. Cells were imaged on 1% agarose pads by
phase or fluorescent microscopy using a Nikon Eclipse Ti microscope with a charge coupled device (CCD)
camera. For time lapse imaging, cells were placed on agarose pads dissolved in LB (0% NaCl) and sealed
using Valap (~30:30:40 vaseline:lanolin:paraffin wax) and imaged by phase every 15 min. Throughout
imaging, cells were maintained at 30°C using the TC-500 temperature controller (20/20 Technology).
Images were processed using NIS-Elements software (Nikon).
Quantification of LPS levels
Whole cell LPS was quantified essentially as described (Sutterlin et al., 2016). Cells were grown overnight
under permissive conditions and subcultured 1:150 into LB (1% NaCl) and grown for 4 h at 30°C at which
point ~ 5x108 cells were harvested and suspended in 100 μL of 2X LDS sample buffer (Invitrogen) with 4%
-mercaptoethanol (BME). Samples were boiled for 10 min in a water bath, cooled for 15 min at room
temperature, and treated with 125 ng/μL Proteinase K (NEB) at 55°C overnight (~ 16 h). After heat
inactivating the Proteinase K by boiling in water for 5 min, the cell lysates were separated by using 4-12%
Bis-Tris NuPAGE gels (Invitrogen). Gels were stained with the Pro-Q Emerald 300 Lipopolysaccharide Gel
Stain kit (ThermoFisher) as per manufacturer’s instructions. LPS bands were visualized by UV exposure
(Syngene Gel-Doc system). Band intensities were determined with ImageJ (NIH).
To quantify the LPS present in the supernatants of broth cultures, cells were grown exactly as
described above. A 25 mL aliquot of sample with the lowest OD 600 was harvested at 4,500 x g for 5 min at
room temperature. Culture volumes of other strains were normalized according to the differences in OD 600.
Culture supernatants were filtered through a 0.2 μm filter to remove whole cells and debris. The filtered
supernatants were concentrated using an Amicon Ultra-15 100K centrifugal filter (Millipore) at 4,000 x g for
30 min. Contents in the centrifugal filter were directly resuspended in 100 μL HEPES (pH 7.5) and then
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mixed with 100 μL 2X LDS sample buffer with 8% BME in preparation for LPS analysis as described above.
To measure the relative LPS and protein levels in the supernatant, samples isolated from the centrifugal
filters were analyzed for protein concentration by Bradford assay and equal amount of protein was loaded
in each lane of a NuPAGE gel for LPS analysis as described above.
Quantitative immunoblotting
For whole-cell LpxC protein quantification, cells were back-diluted 1:150 in LB (1% NaCl), grown for 4 h at
30°C prior to harvesting approximately 6.4 x 108 cells. Pellets were resuspended in 100 μL of 2X LDS buffer
containing 4 % BME. Samples were boiled in a water bath for 10 min and lysates resolved using 4-12%
Bis-Tris Nu-PAGE gels run at 200V at room temperature for 45 min. Proteins were transferred to a
nitrocellulose membrane and LpxC detected utilizing an anti-LpxC rabbit polyclonal antibody (Lifespan
Biosciences) at 1:5,000 dilution. Infrared fluorescence IRDye goat anti-rabbit secondary antibodies 800CW
(LI-COR Biosciences) were used at 1:20,000 dilution. Gel loading was normalized to the sampling OD 600.
The cross-reacting band above LpxC served as an internal loading and transfer control for LpxC intensity
calculations. For detection of FtsZ, which served as a cell lysis control, a primary rabbit anti-FtsZ polyclonal
(GenScript) was used at 1: 1,000. Bands were visualized using a LI-COR Odyssey CLx imager and
intensities were measured using ImageJ (NIH).
Membrane fractionation and NADH oxidase activity
Fractionation was performed as described in (Cho et al., 2014) with some modifications. WT (MG1655),
yciB dcrB (AM562), and yciB dcrB ldtB/pBAD33-yciB (AM966) strains were grown overnight in LB (1%
NaCl). The yciB dcrB double mutant (AM562) lacking the shelter plasmid was grown with 5 mM CaCl2;
addition of calcium ions in LB (1% NaCl) conditions aided in the culture reaching an OD 600 comparable to
WT after overnight growth. Next day, cells were subcultured 1:100 in 250 mL of LB (1% NaCl) and grown
at 30°C until reaching an OD600 = ~ 0.8, at which point volumes adjusted for differences in OD 600 were
harvested by centrifugation at 4,000 x g at 4°C for 15 min, washed in 10 mM HEPES (pH 7.5), and
resuspended in 40 mL of the same buffer in the presence of 1 mg of DNase I (ThermoFisher) and 1 mg of
RNase A (Qiagen). Cells were passed through a French Press (Avastin) three times at 12,000 psi and to
this lysate 2 mM MgCl2 was added and centrifuged at 4°C for 5 min. A 32 mL aliquot of the supernatant
was placed on top of a two-step sucrose gradient (4.6 mL of 2.02 M sucrose in 10 mM HEPES, pH 7.5;
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13.2 mL of 0.77 M sucrose in 10 mM HEPES, pH 7.5). Samples were centrifuged at 130,000 x g for 3 h at
4°C in a Type 45 Ti Beckman rotor. Approximately 4 mL of the insoluble membrane fraction was collected
and diluted 3 times in 10 mM HEPES, pH 7.5. The diluted membrane fraction was then subjected to a
second round of centrifugation on a second sucrose gradient (10.5 mL of 2.02 M sucrose, 12.5 mL of 1.44
M sucrose, 7 mL of 0.77 M sucrose, in 10 mM HEPES pH 7.5). Samples were centrifuged at 82,000 x g for
16 h at 10°C in a Type 45 Ti Beckman rotor. Twenty-five fractions of 1.5 mL each were collected and 8 μL
of odd-numbered fractions were analyzed by resolving the proteins on 4-12% Bis-Tris Nu-PAGE gels and
immunoblotting with the following dilutions for primary rabbit polyclonal antibodies against LamB/OmpA
(1:30,000), Lpp (1:500,000), BamD (1:50,000) and YidC (1:1,000). The NADH oxidase activity in the
membrane fractions was measured essentially as described (Osborn et al., 1972). Briefly, 10 to 20 μg of
protein from membrane fractions was added to a mixture of 50 mM Tris-HCl (pH 7.5), 0.12 mM NADH, and
0.2 mM DTT. The rate of decrease in absorbance at 340 nm over 15 min was measured at 30°C, and NADH
oxidase activity (μM/min) calculated as described previously (Reusch & Burger, 1974).

-galactosidase activity assays
Plate -galactosidase assays were performed based essentially as described (Thibodeau et al., 2004).
Chromosomal lacZ fusions to respective target genes integrated at the

-att site were transduced into the

MG1655 lac minus and derivative mutant backgrounds by linking them to the neighboring nadA::Tn10
marker. Strains were grown under permissive conditions overnight and the next day they were sub-cultured
1:100 in LB (1% NaCl) and grown at 30°C for ~ 3 h. A 200 μL aliquot of each culture was transferred to a
sterile 96-well flat bottom plate and OD595 values read using a plate reader (SpectraMAX 190, Molecular
Devices). Next, 100 μL of cultures were transferred to a new 96-well plate and mixed with 10 μL of
PopCulture reagent (EMD Millipore) containing 0.4 units/μL of rLysozyme (Novagen) and incubated at room
temperature for 30 min to lyse the cells. After the lysis incubation period, 30 μL of lysate was transferred to
a new 96-well plate, mixed with 150 μL of Z-buffer (8.53 g of Na2HPO4, 5.5 g NaH2PO4, 0.75 g of KCl, and
0.246 g MgSO4 in 1 L) containing o-nitrophenyl- -galactoside (ONPG, 0.8 mg/mL) and BME (0.2%), and
placed in the plate reader maintained at 28°C. The OD 415 values were read every minute for a total of 1 h.
Miller units were derived using a modified equation as described previously (Thibodeau et al., 2004).
Motility assay
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Motility assays were performed essentially as described previously (Wolfe & Berg, 1989) with the following
changes. Strains grown under permissive conditions overnight were normalized to an OD 600 of 4.0. Motility
plates were LB (1% NaCl) containing 0.285% - 0.3% agar. Freshly prepared plates were dried in a laminarflow hood for 20 min. A 5 μL aliquot of appropriate cultures were spotted directly on the surface of the 0.3%
agar plates. Alternatively, a 2 μL aliquot was injected into the 0.285% agar plates. Plates were then
incubated at 30°C within a moist chamber for 8-24 h.
Monitoring membrane potential
The membrane potential of cells was monitored using the BacLight Bacterial Membrane Potential Kit
(Invitrogen). A working solution of membrane-monitoring dye was prepared by diluting Component A [3mM
DiOC2(3) in DMSO] to 12 μM in solubilization buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA, 0.2% glucose).
Overnight cells grown under permissive conditions were washed and subcultured at 1:150 into LB (1%
NaCl) and grown for 3 h at 30°C prior to harvesting ~ 3.2 x 108 cells. Cells were resuspended in 250 μL of
the DiOC2(3) solution and incubated for 30 min at 30°C in the dark. Cells were then placed on 1% agarose
pads and immediately imaged by fluorescent microscopy. As a control for dissipated membrane potential,
carbonyl cyanide m-chlorophenyl hydrazone (CCCP) was added to the working DiOC2(3) solution to a final
concentration of 5 μM.
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Fig. S2-1. The lethality of a yciB dcrB deletion is rescued by addition of salt and is not the result
of polar effects. (A) Spot assay showing WT (AM922) and mutant derivative yciB dcrB with empty
vector pTrc99A (AM1122) or pAM3 (pTrc99A-dcrB; AM1071). Overnight cultures grown under
permissive conditions were washed, normalized to OD 600 = 1.0, serially diluted, spotted on to LB (0%
NaCl) with 100 μM IPTG, and incubated at 30°C overnight. (B) Spot assay showing WT and mutant
derivative yciB dcrB (AM519) spotted and grown on LB (0% NaCl) in the presence of sucrose (0.2M),
sorbitol (0.2M), CaCl2 (5 mM), or MgCl2 (10 mM) at 30°C overnight. (C) Spot assay showing WT and
mutant derivatives yciB (AM134), dcrB (AM135), and yciB dcrB (AM519) spotted and grown as in (B)
with the exception that the cells were grown at 37°C overnight. NaCl was added to a final concentration
of 1%. (D) Growth curve of strains in (C) grown in LB (1% NaCl) at 30°C. Cells were sub-cultured and
growth monitored every hour by OD600 measurements. (E) Spot assay of WT and mutant derivatives
yciB (AM134) and dcrB (AM135). Genes other than yciB within the polycistronic operon yciC-B-A were
deleted with dcrB (AM434 and AM435). The functional homolog of dcrB in terms of phage entry, gene
dcrA (sdaC) was deleted in the yciB deletion background (AM1068). Cells were grown overnight in LB
(1% NaCl) and sub-cultured as described in Fig. 1(B) and spotted on to LB (0% NaCl) agar and
incubated at 30°C overnight.

68

Fig. S2-2. Multicopy expression of YciB or DcrB does not affect WT growth and viability. Growth
curves of WT strains harboring empty vector pTrc99a (AM922) or pTrc99a clones containing yciB
(pAM2; AM1069) or dcrB (pAM3; AM1070). Cultures grown overnight in LB (1% NaCl) with ampicillin
at 37°C, were diluted to 1:150 (OD600 of 0.03) in LB (0% NaCl) and LB (1% NaCl) with 1 mM IPTG and
ampicillin, and incubated at 30°C or 37°C. Growth was monitored every hour by measuring OD 600. (A)
and (B) show growth in LB (0% NaCl) at 30°C and 37°C respectively. (C) and (D) show growth in LB
(1% NaCl) at 30°C and 37°C respectively.
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Fig. S2-3. Alterations in LPS or OM integrity do not restore growth to the yciB dcrB deletion.
Spot assay of WT and the yciB dcrB (AM519) double mutant with mutations that reduce or alter LPS
synthesis: lpxC101 (AM776), lpxC1272 (AM777), galU (AM1042) and rfaP (AM1043). The negative
regulator of LpxC, yciM, cloned into pAM34 (pMN103), was overexpressed in the yciB dcrB mutant
background (AM754). Deletions in various genes that alter the integrity of the OM: ompA (AM1075),
pal (AM1074), and tolA (AM1073) were also transduced into yciB dcrB mutant background. Plating
efficiency was determined as described in Fig. 1(B) on LB (0% NaCl) agar (with 1 mM IPTG and Amp
for YciM expression) and incubated at 30°C overnight.

70

71

Fig. S2-4. A yciB dcrB mutant does not show altered levels of major lipids or synthetic defects
with deletions in PL trafficking pathway components. (A) A representative TLC result showing PLs
from WT and derivative mutants yciB (AM134), dcrB (AM135), yciB dcrB (AM519), and clsA (AM1272).
Polar lipid extract from E. coli (Avanti Polar Lipids, Inc) was used as PL standards. Overnight cultures
grown under permissive conditions were back-diluted, and grown at 30°C for 3 h, and harvested for
extraction of phospholipids as described in Supplementary Methods. PLs were detected using a
molybdenum blue spray. Densitometry analysis of PL species from the TLC results were quantified
utilizing ImageJ (NIH) and are shown in the adjacent graph. Relative intensity was derived by dividing
individual PG, PE and CL species by total amount of PL. Results represent average values of three or
more experiments with the range indicated by the bars. (B) A spot assay determining vancomycin
sensitivity of WT, yciB dcrB (AM519), as compared to a pgsA444 (HC575) mutant. After overnight
growth in LB (1% NaCl) cells were washed, normalized to OD600, serially diluted, spotted onto LB (1%
NaCl) with 150 g/mL vancomycin, and incubated at 37°C overnight. (C) Spot assay on LB (0% NaCl)
of WT and derivative deletions in yciB (AM134), dcrB (AM135), and yciB dcrB (AM519) with additional
deletions of individual retrograde pathway components mlaA/C/D/E/F. Cells were grown and spotted as
described in Fig. 1(B). (D) Spot assay of WT (AM717) and the yciB dcrB mutant (AM519/AM934) with
deletion of the OM phospholipase pldA (AM453) or additional copies of the pldA gene under the control
of the native promoter (AM935) were conducted as described in Fig. 1(B) on LB (0% NaCl) or (1% NaCl)
agar and incubated at 30°C overnight.
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Fig. S2-5. Lipoprotein transport and Sec export pathways at the IM do not appear to be
significantly affected. (A) Spot assay of WT (AM1120) and derivative mutant yciB dcrB (AM1121) with
empty vector pBAD24 or the plasmid pAM5 (pBAD24-LolCDE; AM875) bearing the lipoprotein
transporter LolCDE. Spot plate assay was conducted on LB (0% NaCl) agar with arabinose (0.02%)
and incubated at 30°C overnight as described in Fig. 1(B). (B) Spot viability assay of WT, and derivative
mutants prlA4 (AM1267), yciB dcrB (AM519), and yciB dcrB prlA4 (AM1060). Cells were grown and
spotted on LB (0% NaCl) agar and incubated at 30°C overnight as described in Fig. 1(B). (C) Spot
viability of WT, and derivative mutants yciB dcrB (AM519), secB (AM1273), secG (AM1274), yciB dcrB
secB (AM1275) and yciB dcrB secG (AM1276). Cells were grown under permissive conditions and
spotted on LB (1% NaCl) at 30°C.
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Fig. S2-6. Synthesis of major OMPs is not reduced in the yciB dcrB mutant. Immunoblot result of
whole cells and supernatant fractions of WT and mutants yciB (AM134), dcrB (AM135), and yciB dcrB
(AM519) grown in LB (1% NaCl). Overnight cells were sub-cultured to 1:150 in LB (1% NaCl) and grown
until OD600 = 0.8 before harvesting 6.4 x 108 cells for SDS-PAGE and immunoblotting. At this time,
supernatants were concentrated as described in Methods and prepared for immunoblotting with antiBamA and anti-LamB/OmpA rabbit polyclonal antibodies. Gel loading was normalized to sampling
OD600. SimplyBlue SafeStain (Invitrogen) was used to normalize BamA, LamB, and OmpA bands to
total protein. Representative blot images are shown with mean relative intensity values and standard
deviations (SD) derived from at least two independent experiments. While BamA, LamB and OmpA are
detected in the supernatant preparations of yciB dcrB cells, both BamA and OmpA could not be detected
in the WT and single mutant lanes under these experimental conditions. ND= not detected or NC = not
calculated.
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Fig. S2-7. Controls for stress response analyses. (A) Chromosomal lacZ fusions to target gene pspA,
a part of the Psp stress response regulon, was assayed for ß-galactosidase activity in the WT TB28
background (AM1247) and in the derivative mutant backgrounds yciB (AM1137), dcrB (AM1138), and
yciB dcrB (AM1139). Cells were grown and transcriptional activity measured as described in Fig. 6(A)
and in Methods. For the positive control induction condition, the pspA-lacZ fusion in the WT background
(AM1247) was treated similarly with the exception that after 2.5 h of growth, ethanol was added to a
final concentration of 5% for 30 min at which point transcriptional activity was measured. Mean values
and standard deviations are derived from triplicate readings of 3 or more independent cultures for each
experiment. (B) Spot assay of WT and derivative mutant yciB dcrB (AM519) with single deletions in
envelope stress response regulators baeR, cpxR, pspF, and rcsB, were conducted with overnight
cultures grown and treated as described in Fig. 6(B) but spotted on LB (0% NaCl) plates and incubated
at 30°C overnight.
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Fig. S2-8. Controls for BacLight membrane potential assays. (A) For BacLight membrane potential
assay, a complementation control was conducted with the yciB mutant derivative carrying pAM2
(pTrc99a-yciB; AM168 ). Cells were grown with the addition of IPTG (100 M), treated similarly to
experimental cells as described in Fig. 7(C), and visualized using FITC and Texas Red fluorescence
filters. Bar = 5 m. (B) Fluorescent images of WT and derivative mutants yciB (AM134), dcrB (AM135),
and yciB dcrB (AM519) cells stained with BacLight LIVE/Dead stain. Cells were grown and treated as
described in the Supplementary Methods. Bar = 5 m. For each strain, mean live/dead cell count with
standard deviation is shown in the adjacent graph. Five or more fields-of-view for a total of ~ 300-500
cells were counted from both FITC and Texas Red filter channels and the total number of cells in the
FITC channel was divided by that in the Texas Red channel.
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Table 2-1. Strains used in this study.
Strain

Genotype

Source or
referencea

MG1655

K12 F- λ- ilvG- rfb-50 rph-1

Laboratory
collection

TB28

MG1655 lacIZYA::frt

(Bernhardt & de
Boer, 2003)

AM134

MG1655 yciB::frt

AM135

MG1655 dcrB::frt

AM229

MG1655 yciB::frt dcrB::frt pBAD33-yciB pDSW208

AM519

MG1655 yciB:: KanR dcrB::frt pBAD33-yciB

AM562

MG1655 yciB::frt dcrB::frt

AM563

MG1655 cpxR::KanR

AM564

MG1655 baeR::KanR

AM565

MG1655 pspF::KanR

AM566

MG1655 rcsB::KanR

AM575

AM562 malK791-YFP::CmR

AM721

MG1655 pCL1920-lpxC

AM866

AM519 skp::frt

AM949

MG1655 lpp::KanR

AM950

AM519 lpp::KanR
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AM951

MG1655 skp::frt

AM966

AM519 ldtB::KanR

AM1032

MG1655 ldtB::KanR

AM1033

MG1655 pACYC184

AM1034

AM562 pACYC184

AM1035

MG1655 yciB::KanR dcrB::frt skp::frt pACYC184

AM1036

MG1655 yciB::KanR dcrB::frt skp::frt pACYC184-skp

AM1045

MG1655 motA::KanR

AM1137

TB28 yciB::frt

AM1138

TB28 dcrB::frt

AM1139

TB28 yciB::frt dcrB::frt pBAD33-yciB

AM1072

AM519 lppΔK58 ldtE::KanR

AM1243

TB28 nadA::Tn10 attλ Pspy::lacZ

AM1245

TB28 nadA::Tn10 attλ PcpxP::lacZ

AM1247

TB28 nadA::Tn10 attλ PpspA::lacZ

AM1249

TB28 nadA::Tn10 attλ PrprA::lacZ

AM1251

TB28 nadA:: Tn10 attλ PrpoH::lacZ

MR903

MG1655 yciB::frt pAM34-yciB
a Unless

b

otherwise stated, strains were constructed in this study.

Coli Genetic Stock Center
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Table 2-2. Plasmids used in this study.
Plasmid

Relevant characteristics

Source or
referencea

pACY184

p15A, TetR CmR

Laboratory
collection

pAM34

pBR/ColE1, IPTG-dependent replicon SpcR AmpR Plac

pBAD24

pBR/ColE1, AmpR Para

(Gil & Bouche, 1991)
(Guzman et al.,
1995)

pBAD33

p15A, CmR araC Para

”

pBR322

pBR/ColE1, AmpR, TetR

Laboratory
collection

pCL1920

pSC101, SpcR

(Lerner & Inouye,
1990)

pDSW208

pDSW204 Plac::GFP

(Weiss et al.,
1999)

pTrc99A

pBR/ColE1, AmpR lacI Plac::empty

pAM1

pBAD33-yciB

pAM2

pTrc99a-yciB

pAM3

pTrc99a-dcrB

pAM5

pBAD24-lolCDE

pAM6

pBR322 PpldA::pldA, TetR

pAM34-YciB

pAM34-yciB, IPTG-dependent replicon
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”

pMN103

pAM34-yciM, IPTG-dependent replicon

(Mahalakshmi et
al., 2014)

pMN105

pCL1920-lpxC

”

pSkp

pACY184 PyaeT::skp

(Wagner et al.,
2009)

a This

study, unless otherwise stated.
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2-6 Supplemental Materials
Phospholipid analysis
Phospholipid (PL) analyses were performed essentially as described previously (Bligh and Dyer, 1959).
Overnight cultures grown under permissive conditions were back diluted 1:100 in LB (1% NaCl) and grown
at 30°C to OD600 = 0.4-0.5. Two hundred mL of cells from the culture with the lowest OD600 were harvested
at 8000 x g for 5 min at 4°C. Other strain culture volumes were adjusted to differences in OD 600. Cells were
resuspended in 5 mL of LB (1% NaCl) and chloroform and methanol were added to the final concentration
of chloroform:methanol:water of 1:2:0.8. The mixture was incubated at room temperature with mixing
approximately every 15 min. Chloroform was added to adjust the ratio to 1:1:0.8, resulting in a two-phase
Bligh-Dyer mixture, vortexed vigorously for 5 min and then water was added to adjust the ratio to 1:1:0.9.
This mixture was centrifuged at 2,500 x g for 5 min, and the bottom phase extracted to a small glass beaker.
Solvents were evaporated under the fume hood, and dried PLs were suspended in 200 μL of a 1:2
methanol:chloroform mixture. An aliquot of 10 μL of the PL mixture was then spotted onto a silica gel 60
thin-layer chromatography (TLC) plate (Sigma) and separated using a chloroform-methanol-acetic acid
(65:25:10, vol/vol/vol) closed solvent system. Resolved PLs were detected by spraying with Molybdenum
Blue reagent (Sigma). Relative amounts of PLs were quantified using ImageJ (NIH) from three or more
experiments.
Live/Dead Staining
Viable cell counts were analyzed using the LIVE/DEAD BacLight Bacterial Viability kit (ThermoFisher). Cells
were grown under permissive conditions overnight and were sub-cultured 1:100 in LB (1% NaCl) and grown
at 30°C. After 3 h of growth (OD600 ~ 0.4), 3 mL of cells were centrifuged at 10,000 x g for 1.5 min and
resuspended in an equal volume of 0.85% NaCl. This wash step was repeated twice before resuspending
the cell in one-half volume of 0.85% NaCl containing 0.5

L of the LIVE/DEAD dye mixture. The samples

were incubated in the dark for 20 min at room temperature. Then, 1 μL of cells were placed on a 1% agarose
pad and analyzed by phase and fluorescent microscopy using FITC and Texas Red filters maintained at a
constant exposure of 100 and 250 ms. The ratio of live to dead cells was determined using Nikon NISElements software.
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Plasmid Constructions
Genomic DNA from MG1655 (WT) was used as template for all PCR amplification reactions.
pAM1: As shelter for and complementation of yciB dcrB mutant, the yciB region was amplified using the
PCR primers yciB-F (5’- CGC GCG AGC TCA GGA GGA AGG CGA TGA AGC AGT TTC TTG ATT TTT
TAC) and yciB-R (5’ – CGC GCC CCG GGT TAG GAT TTA TCT TCC TGC G), digested with SacI (yciBF, underlined) and SmaI (yciB-R, underlined) and cloned into pBAD33 under control of the ara promoter.
Bolded are the start and stop codons of yciB.
pAM2: For yciB overexpression studies, the yciB gene was sub-cloned from pAM1 into pTrc99a utilizing
SacI and SmaI common to both the pBAD33 derivative and pTrc99a. The yciB insert was gel purified and
cloned in to pTrc99a.
pAM3: For dcrB overexpression studies and complementation of the yciB dcrB double mutant, the dcrB
region was amplified using the PCR primers dcrB-F (5’ – CGC GCG AGC TCA GGA GGA AGG CGA TGC
GCA ATC CTG GTT AAA TAT G) and dcrB-R (5’ – CGC GCG TCG ACT TAC TGA ATA ACC AGC GTA
TTA ATG ATG), digested with SacI (dcrB-F, underlined) and SalI (dcrB-R, underlined) and cloned into
pTrc99A under control of the lac promoter. Bolded are the start and stop codons of dcrB.
pAM5: The lolCDE region was amplified using the PCR primers lolCDE-F (5’ – CGC GCG AAT TCA CCA
TGT ACC AAC CTG TCG CTC TAT TTA TTG) and lolCDE-R (5’ CGC GCA AGC TTC CTT GTT TTA ATG
TAC TGC CTT TAC TGG), digested with EcoRI (lolCDE-F, underlined) and HindIII (lolCDE-R, underlined)
and cloned into pBAD24 under control of the ara promoter. Bolded are the start and stop codons of lolC
and lolE.
pAM6: Primers utilized to clone pldA under its native promoter were identical to those reported previously
(Malinverni et al., 2009). The pldA region was amplified with the PCR primers pldA(-200) Fwd-DraI (5’ –
TTT TTA AAG GCC AGC TGT GCG AAC), and pldA(+ 1223)Rev-DraI (5’ – TTT TTA AAG CGG TGA AAC
AAC CAC GG), digested with DraI (both primers, underlined) and blunt-end cloned into pBR322 that was
digested with ScaI and treated with calf-intestinal alkaline phosphatase (NEB). The resulting plasmid,
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pAM6, retains TetR but is not AmpR as a result of pldA incorporation within the bla gene at the former ScaI
site.
Table S2-1. Supplementary list of strains used in this study.
Strain

Genotype

Source or referencea

BW25113

F- - rph-1 rrnB3 lacZ4787 (araBAD)567 (rhaBAD)568

Laboratory collection

hsdR514
AM168

AM134 pAM2

AM434

AM135 yciA::KanR

AM435

AM135 yciC::KanR

AM453

AM519 pldA::KanR

AM507

AM134 mlaA::KanR

AM508

AM134 mlaC::KanR

AM509

AM134 mlaD::KanR

AM510

AM134 mlaE::KanR

AM511

AM134 mlaF::KanR

AM522

AM519 mlaA::KanR

AM523

AM519 mlaC::KanR

AM524

AM519 mlaD::KanR

AM525

AM519 mlaE::KanR

AM526

AM519 mlaF::KanR

AM717

MG1655 pBR322
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AM754

AM519 pAM34-YciM

AM776

AM519 lpxC101

AM777

AM519 lpxC1272

AM875

AM519 pBAD24-LolCDE

AM922

MG1655 pTrc99a

AM934

AM519 pBR322

AM935

AM519 pBR322-pldA

AM1009

AM135 mlaA::KanR

AM1010

AM135 mlaC::KanR

AM1011

AM135 mlaD::KanR

AM1012

AM135 mlaE::KanR

AM1013

AM135 mlaF::KanR

AM1042

AM519 galU::KanR

AM1043

AM519 rfaP::KanR

AM1060

AM519 prlA4

AM1068

AM134 sdaC::KanR

AM1069

MG1655 pTrc99a-yciB

AM1070

MG1655 pTrc99A-dcrB

AM1071

AM519 pTrc99A-dcrB

AM1073

AM519 tolA::KanR
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AM1074

AM519 pal::KanR

AM1075

AM519 ompA::KanR

AM1120

MG1655 pBAD24

AM1121

AM519 pBAD24

AM1122

AM519 pTrc99A

AM1267

MG1655 prlA4

AM1272

MG1655 clsA::KanR

AM1273

MG1655 secB::KanR

AM1274

MG1655 secG::KanR

AM1275

AM519 secB::KanR

AM1276

AM519 secG::KanR

CAG12147

MG1655 nadA57::Tn10

CGSCb

CC09

MC4100 lppΔK58 ldtE::KanR

(Cowles et al., 2011)

CNP170

MC4100 λΦ PrprA::lacZ

(Majdalani et al., 2002)

D22

K12 F- lpxC101 proA23 lac-28 tsx-81 trp-30 his-51 rpsL173 tufA1

CGSC

ampCp-1
HC575

MC4100 pgsA444 zed-3069::Tn10

(Sutterlin et al., 2014)

JW0173-1

BW25113 skp::KanR

(Baba et al., 2006)

JW0729-3

BW25113 tolA::KanR

”

JW0731-1

BW25113 pal::KanR

”

JW0803-7

BW25113 ldtB::KanR

”
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JW0940-6

BW25113 ompA::KanR

”

JW1224-1

BW25113 galU::KanR

”

JW1241-5

BW25113 clsA::KanR

”

JW1245-1

BW25113 yciA::KanR

”

JW1246-2

BW25113 yciB::KanR

”

JW1247-1

BW25113 yciC::KanR

”

JW1296-5

BW25113 pspF::KanR

”

JW1667-1

BW25113 lpp::KanR

”

JW1879-2

BW25113 motA::KanR

”

JW2064-3

BW25113 baeR::KanR

”

JW2205-2

BW25113 rcsB::KanR

”

JW2343-1

BW25113 mlaA::KanR

”

JW2767-1

BW25113 sdaC::KanR

”

JW3142-6

BW25113 secG::KanR

JW3159-1

BW25113 mlaC::KanR

”

JW3160-1

BW25113 mlaD::KanR

”

JW3161-1

BW25113 mlaE::KanR

”

JW3162-2

BW25113 mlaF::KanR

”

JW3605-1

BW25113 rfaP::KanR

”

JW3794-1

BW25113 pldA::KanR

”
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JW3883-1

BW25113 cpxR::KanR

”

JW5682-1

BW25113 dcrB::KanR

”

JW1241-5

BW25113 clsA::KanR

”

MC3

MC4100 with integrated λøAD3, lac+

(Bergler et al., 1994)

MR706

MG1655 lpxC1272 leuB::Tn10

(Mahalakshmi

et

al.,

2014)
NR669

MC4100 attλ PrpoH::LacZ

(Button et al., 2007)

TR50

MC4100 λRS88 PcpxP::LacZ

(Raivio & Silhavy, 1997)

TR530

MC4100 λRS88 Pspy::LacZ

(Raivio et al., 2000)

SE6004

MC4100 lamBΔ60 prlA4

(Emr et al., 1981)

SX1480

DY330 malK791-YFP::CmR

CGSCb

a This

b

study unless otherwise stated.

Coli Genetic Stock Center
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CHAPTER 3
LIPOPROTEIN MATURATION DEFECTS UNDERLIE THE SYNTHETIC LETHALITY OF
ESCHERICHIA COLI LACKING THE INNER MEMBRANE PROTEINS YCIB AND DCRB

The contents of this chapter are adapted from unpublished work for a manuscript in preparation

Aaron Mychack, Anuradha Janakiraman
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3-1 Introduction
The Gram-negative cell envelope is an essential multi-layered structure that protects the internal cytoplasm
of the bacterial cell. This structure consists of two lipid bilayers, the inner membrane (IM) and outer
membrane (OM), separated from one another and forming a compartment known as the periplasm which
includes the peptidoglycan (PG) cell wall. Each layer of the cell envelope participates in essential cellular
processes including selective solute passage and environmental sensing, as well as biogenesis of
extracytoplasmic proteins which carry out these processes (1, 2). Following their synthesis in the cytoplasm,
these proteins are secreted across the IM where they may undergo some form of post-secretion processing
to reach their destination or final functional form (3, 4, 5).
For OM proteins, including the integral β-barrel proteins (OMPs) and lipoproteins, this processing
occurs through two separate pathways. OMPs, following their secretion, are passaged across the periplasm
to the OM with the assistance of general periplasmic chaperones (5, 6, 7). This is primarily accomplished
by the chaperone SurA, with additional accessory chaperones Skp and DegP assisting SurA in rescuing
OMPs that have fallen off the SurA-bound path to the OM. Upon reaching their destination, the SurA-bound
OMPs are then input to the OM through the assistance of the β-barrel assembly machinery, Bam complex
(8, 9). For OM lipoproteins, the prolipoprotein, following its secretion, is modified with diacylglycerol (DAG)
by the IM enzyme Lgt using phosphatidylglycerol as a substrate donor for DAG transfer, tethering the
lipoprotein to the membrane (10). The DAG is transferred from phosphatidylglycerol to the thiol side chain
of an invariantly conserved cysteine residue (Cys +1) immediately following the N-terminal signal sequence
of a prolipoprotein. Once tethered to the IM through the DAG moiety, the signal sequence is then cleaved
by the IM signal peptidase LspA, and further fatty acyl-modified at the Cys+1 amide by the IM enzyme Lnt
(11, 12). The lipoprotein at this point is considered mature. Lipoproteins containing Asp +2 remain in the IM,
whereas all other lipoproteins after maturation are extracted from the IM by the OM lipoprotein localization
machinery LolCDE and trafficked to the OM by a LolAB-dependent or hitherto undiscovered LolABindependent system (13, 14, 15, 16). Several targets of these two OM protein transport systems are
essential for survival of E. coli, thus the cell has evolved elaborate mechanisms for sensing and responding
to perturbations in their normal function (16, 17).
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Recent work has uncovered the importance of the Cpx envelope stress response system (ESRS)
in coping with stress associated with lipoprotein trafficking to the OM (18, 19). This two-component ESRS
utilizes the OM lipoprotein NlpE to sense defects in lipoprotein traffic. When stalled at the IM due to inhibited
Lol transport, the sensor lipoprotein NlpE is brought in closer proximity to and activates through direct
interaction the IM histidine kinase CpxA which relays a signal to CpxR, resulting in Cpx activation (20). A
similar phenomenon is observed for the Rcs ESRS, responsible for sensing OM and PG perturbations (21,
22). In this case, upon blocking OM lipoprotein trafficking, the OM lipoprotein RcsF triggers strong induction
of the Rcs ESRS, again presumably due to its closer proximity to components of the IM signal transducing
Rcs phosphorelay (14, 23). The σE ESRS primarily responds to defects in biogenesis of OMPs (24, 25).
The primary role of this ESRS is to serve as a quality control mechanism OMP assembly under stress (26,
27). This is achieved in part by the expression of sRNAs which bind to and inhibit translation of mRNA
corresponding to several OMPs (28, 29, 30). This response is not exclusive to OMPs since the σE-activated
sRNA, MicL, has been shown to target and repress synthesis of the abundant OM lipoprotein responsible
for linking PG to the OM, Lpp (31). While also upregulating levels of the periplasmic protease, DegP, and
increasing expression of Bam components, the σE ESRS is essential for clearance of misfolded OM proteins
in the periplasm and promoting facile OMP assembly (26, 32).
In this study we follow up on a previous report detailing the synthetic lethality of an E. coli double
mutant lacking the integral IM protein YciB and IM lipoprotein DcrB (33). Genetic and biochemical evidence
showed the synthetic lethality was primarily contributed to Lpp stalling at the IM where it links PG in a toxic
manner, but these data also suggested OMPs to be inappropriately inserted to the IM by the periplasmic
chaperone, skp. The yciB dcrB double mutant showed a significantly activated Cpx response as well as a
reduction in viability by removal of CpxR. Here, the goal was to better understand the correlation between
the OM protein assembly defects and the activated ESRS in the double deletion mutant yciB dcrB. We
provide evidence indicating that enhanced σE activity can suppress the synthetic lethality of yciB dcrB in a
manner that is dependent on the Lpp repressive effects of the system. Deeper exploration of the nature of
Lpp toxicity and Cpx ESRS activation led us to identify that a defect in lipoprotein maturation, specifically
at the point of prolipoprotein DAG transfer by Lgt is responsible for Lpp stalling and yciB dcrB lethality.
These defects in lipoprotein maturation are sensed by Cpx largely in an NlpE-independent fashion. While
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underlining the distinction between Cpx activation by lipoprotein traffic versus maturation defects, our
results provide better mechanistic understanding of the synthetic lethality of a yciB dcrB double mutant.
3-2 Results
Suppression of yciB dcrB mutant lethality by skp deletion is micL-dependent
We previously reported deletion of yciB and dcrB results in pleiotropic phenotypes including OM protein
mislocalization, activation of several ESRSs, and synthetic lethality under low salt stress (33). We reported
that deletion of the periplasmic chaperone, skp, suppressed the synthetic lethality. To gain further insight
into the mechanism of suppression by skp, we decided to explore what impact skp deletion would have on
the ESRS status of the yciB dcrB mutant. For this, we made use of chromosomally encoded transcriptional
reporters for the ESRSs, with the promoters of cpxP, pspA, spy, rprA and rpoH fused to lacZ (Fig. 3-1A,
S3-1C). Comparing the double deletion mutant yciB dcrB to the triple mutant yciB dcrB skp, we observed
a significant increase in σE activity in the triple mutant, approximately 4-fold greater compared to the double
mutant yciB dcrB. Apart from more modest reductions in the Rcs and Bae response, we did not find
substantial changes in LacZ activity from any other ESRS reporters (Fig. S3-1C). These data indicated skp
deletion modulated the ESRS status of a yciB dcrB mutant, primarily influencing σE.
We considered the increase in σE activity by skp deletion as responsible for the suppression of yciB dcrB
synthetic lethality. The σE target sRNA, MicL, has been shown to exclusively target the mRNA for the
abundant OM lipoprotein, lpp (31) (Fig. 3-1C). Since the yciB dcrB double mutant lethality is dependent on
the presence of Lpp, it seemed probable to us that skp deletion would serve as a mutational suppressor by
increasing σE activity and thus MicL, leading to decreased Lpp (33). This was tested by generating a yciB
dcrB skp micL quadruple deletion mutant and testing whether skp suppression was MicL-dependent.
Indeed, micL was required for suppression as the yciB dcrB skp micL mutant was no longer viable
compared to yciB dcrB skp (Fig. 3-1B). The micL deletion did not generally impact yciB dcrB fitness since
under the permissive condition, LB (1% NaCl), the quadruple mutant yciB dcrB skp micL grew just as well
as the triple mutant yciB dcrB skp (Fig. S3-1A). Deletion of micL alone in the yciB dcrB also did not impact
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Fig. 3-1 Suppression of yciB dcrB mutant lethality by skp deletion is micL-dependent. (A) A
chromosomal lacZ fusion to the target gene promoter of the RpoE ESRS, PrpoH, was assayed for βgalactosidase activity in TB28 (WT, AM1251) and derivate double mutant, yciB dcrB (AM1266), and triple
mutant, yciB dcrB skp (AM1680). Permissively grown overnight cultures were sub-cultured 1:100 in LB (0%
NaCl) and grown for 2.5 h at 37°C. Transcriptional activity was determined as described in Materials and
Methods. Mean values and standard deviations are derived from triplicate readings of 3 or more
independent cultures. (B) Spot assay of WT and derivative mutants, yciB dcrB (AM519), yciB dcrB skp
(AM866), and yciB dcrB skp micL (AM1650) mutants. Strains were grown permissively overnight, diluted to
OD600 = 1.0, serially diluted in 10-fold increments, and 4 μL of cells spotted on LB (0% NaCl) agar which
was incubated overnight at 37°C. (C) Shown is a schematic depicting the mechanism of skp deletion
mediated activation of the RpoE ESRS and the resultant down-regulation of Lpp synthesis. Under normal
conditions, Skp contributes to the assembly of OMPs. Upon deletion of skp, some unfolded OMPs are
mistargeted to the OM, accumulating in the periplasmic space, and contribute to the activation of the RpoE
ESRS. The sRNA, micL, is a positively regulated target of RpoE which when transcribed lead to the
repression of Lpp mRNA translation. IM = inner membrane, PG = peptidoglycan, OM = outer membrane,
uOMP = unfolded OMP, solid lines represent WT physiological processes, dashed lines represent skp
deletion conditions.
viability either. We concluded from these results that skp suppression is mediated through increased σE
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activation which leads to repression of Lpp translation through MicL (Fig 3-1B). This conclusion is supported
by additional data showing surA deletion, also known to dramatically increase σE activity, served as a potent
suppressor of yciB dcrB lethality, in a micL-dependent fashion (Fig S3-1B). Thus, all reported suppressors
of yciB dcrB lethality pointed towards reduced synthesis of the major OM lipoprotein, Lpp, or reducing its
covalent linkage to peptidoglycan (33).
Lpp toxicity in yciB dcrB is not associated with defects in lipoprotein trafficking
Our earlier work suggested the OM lipoprotein BamE might be present at the IM in yciB dcrB cells, pointing
to overall lipoprotein biogenesis defects in the mutant (19). Therefore, we investigated if lipoprotein
trafficking to the OM was impaired in the yciB dcrB double mutant. Recent studies have highlighted the
importance of the Cpx ESRS in coping with defects associated with traffic of OM lipoproteins (18, 19). The
OM lipoprotein NlpE, when stalled at the IM due to OM lipoprotein trafficking defects, serves as the sensor
of these defects. Previously we showed Cpx ESRS is significantly activated in yciB dcrB, and under
permissive conditions (LB 1% NaCl) the response regulator, CpxR, is required for the mutant’s growth. We
asked whether Cpx activation in a yciB dcrB mutant was NlpE mediated by observing whether nlpE deletion
would similarly impact the viability of a yciB dcrB mutant. Deletion of nlpE in a yciB dcrB mutant, however,
did not phenocopy a yciB dcrB cpxR triple deletion mutant, nor did removal of cxpA which only partially
reduced growth of yciB dcrB (Fig. 3-2A). Furthermore, use of a cpxP-lacZ reporter system for Cpx activation
revealed that deletion of nlpE did not significantly affect LacZ levels in the yciB dcrB double mutant (Fig 32B). We also tested the effect of deleting yafY, an IM lipoprotein previously shown to induce Cpx ESRS
when overexpressed (20) (Fig. S3-2). No alteration in viability were observed in a yciB dcrB double mutant
upon yafY removal (34). Thus, Cpx activation in a yciB dcrB mutant does not occur through NlpE sensing,
nor is YafY an activator in this circumstance. These results are consistent with our previous findings that
overexpression of the LolCDE transporter does not alleviate Lpp mislocalization at the IM, suggesting Lpp
trafficking is not affected.
Multicopy lgt expression restores viability to a yciB dcrB mutant
Through the course of our studies, we had noted the striking similarities in the morphological features of an
lgt-depletion mutant compared to yciB dcrB when grown depleting yciB (35). These mutants both display
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club-shaped cells with dramatic IM shrinkage which result in the appearance of phase-light regions,
generally near the cells’ pole (Fig 3-3A). Depletion experiments result in the appearance of cells almost
completely devoid of rod shape with many cells forming ghosts over time. These morphological similarities

Fig 3-2. CpxR is required for yciB dcrB mutant viability but not signaled by NlpE. (A) Spot assay of
WT and derivative mutants, yciB dcrB (AM519), yciB dcrB cpxR (AM1646), and yciB dcrB nlpE (AM974).
Strains were grown permissively overnight, diluted to OD600 = 1.0, serially diluted in 10-fold increments, and
4 μL of cells spotted on LB (1% NaCl) agar which was incubated overnight at 37°C. (B) A chromosomal
lacZ fusion to the target gene promoter of the Cpx ESRS, PcpxP, was assayed for β-galactosidase activity
in TB28 (WT) and derivate double mutant, yciB dcrB (AM1263), and triple mutant, yciB dcrB nlpE (AM1665).
Permissively grown overnight cultures were sub-cultured 1:150 in LB (1% NaCl) and grown at 37°C for
varying amounts of time (2, 2.5, and 3 h) prior to isolating cells for transcriptional analysis. Transcriptional
activity was determined as described in Materials and Methods. Mean values and standard deviations are
derived from triplicate readings of 3 or more independent cultures.
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suggest similar mechanisms of cell death between an lgt-depletion mutant and a yciB dcrB double mutant
when depleting yciB.
In our previous study we showed that major phospholipids are unaffected in abundance between
the double mutant yciB dcrB and WT, suggesting Lpp toxicity was not related to a deficiency in
phosphatidylglycerol as in previously described pgsA mutants (33, 36). To rule out the possibility of a
deleterious flux of phospholipids towards pathways which would lead to alterations in lipoprotein biogenesis,
we overexpressed pgsA and pssA from multicopy vectors and checked for viability changes. PgsA and
PssA catalyze steps following the branch point in bulk phospholipid synthesis utilizing CDP-DAG as a
substrate, and controlling flux towards phosphatidylglycerol and phosphatidylethanolamine synthesis,
respectively (Fig. S3-3A) (37, 38. 39). Overexpression of either of these proteins did not impact yciB dcrB
mutant viability. Further, genetic mutations which eliminate the synthesis of osmo-regulated periplasmic
glucans, a source of phosphatidylglycerol consumption under low-salt conditions, did not suppress yciB
dcrB lethality in LB (0% NaCl) (Fig. S3-3B) (40, 41). This data further supports the previous finding that
alterations in major phospholipid abundance do not underlie yciB dcrB synthetic lethality.
We considered instead Lgt activity was reduced. To determine this, we cloned and overexpressed
lgt under non-permissive conditions. While no or low-level induction, 0-10 uM IPTG, partially ameliorated
the growth defect of the mutant, induction of expression with increased amounts of IPTG, 100-1000 uM,
restored growth (Fig. 3-3B). These data support a hypothesis that yciB dcrB lethality under non-permissive
conditions is related to defective lipoprotein maturation at DAG transfer to prolipoproteins.
Supposing the defects occur in the early process of maturation, we anticipated the mutant to be
hypersensitive to the redox active copper which is hypothesized to inhibit Lgt catalysis by interference with
the Cys+1 residue of lipoproteins (19, 42, 43). Indeed, the yciB dcrB mutant displayed a marked sensitivity
to Cu at concentrations as low as 1 mM (Fig. 3-3C). The yciB and dcrB single deletion mutants were also
sensitive, both showing milder sensitivities with viability reduction at 2.25 mM and 2.75 mM Cu. In all cases,
increased expression of Lgt restored growth to the mutants. Collectively, the results suggested yciB dcrB
mutant lethality is associated with defective lipoprotein biogenesis, specifically at the level of lipoprotein
maturation at the IM.
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Fig. 3-3. Lgt overexpression restores viability to a yciB dcrB mutant which resembles an lgt
mutant in morphology and copper sensitivity. (A) Representative microscopy images showing yciB
dcrB (AM519, A,C), and lgt (PAP9403, B,D) deletion mutants. Cells were grown permissively overnight
(LB 1% NaCl with 0.02% arabinose) and diluted 1:150 in LB (1% NaCl) and grown at 37°C for varying
time lengths prior to visualization by phase contrast microscopy. Image A is at 3 h of growth; B at 2.5 h;
C at 5 h; and, D at 3 h. White bar in A = 5 μm. (B) Spot assay of WT (AM922) and derivative mutants,
yciB dcrB with either pTrc99a (pTrc, AM1674) or pTrc99a-lgt (pTrc::lgt, AM1676). Strains were grown
permissively overnight, diluted to OD600 = 1.0, serially diluted in 10-fold increments, and 4 μL of cells
spotted on LB (1% NaCl) agar plates with amp and varying amounts of IPTG which were incubated
overnight at 37°C. (C) Spot assay of WT (AM1625) and derivative mutants, yciB, dcrB, or yciB dcrB with
either pDSW206 (p, AM149, AM809, AM1626) or pDSW206-lgt (p::lgt, AM1441, AM1442, AM1436).
Strains were grown permissively overnight, diluted to OD600 = 1.0, serially diluted in 10-fold increments,
and 4 μL of cells spotted on LB (1% NaCl) agar plates with amp,100 μM IPTG, and varying amounts of
CuCl2. Agar plates were incubated overnight at 37°C.
A yciB dcrB double mutant accumulates pro-Lpp
To obtain more definitive proof to support our hypothesis that lipoprotein maturation is impaired, we decided
to examine more closely the status of Lpp. Cell lysates were prepared from the double mutant, yciB dcrB,
as well as an lgt depletion mutant, proteins resolved by SDS-PAGE, and Lpp detected by immunoblotting
(Fig. 3-4A). The Lgt-depletion strain displayed additional Lpp forms with two more slowly migrating bands
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compared to mature tri-acylated Lpp. Based on discrepancies in molecular weights, these bands represent
di-acylated apo-Lpp without signal peptide linked to a fragment of PG (intermediate band, a), and pro-Lpp
(upper band, b) (19, 36). Remarkably, the yciB dcrB (but not the single mutants) also accumulated two
additional bands that we infer are the same as those in the lgt depletion mutant based on similarities in
electrophoretic mobility (Fig. 3-4A, S3-4A). To more completely characterize the identity of the Lpp bands,
we also prepared a lysate from a yciB dcrB lppΔK58 mutant and detected Lpp from this strain. The lppΔK58
allele of lpp produces an Lpp variant no longer able to bind peptidoglycan through its C-terminal lysine
residue (K58) (Fig. 3-4A) (44, 45). The intermediate band was no longer detectable in this strain, indicating
the intermediate band indeed represents a PG bound form. Clearly, the yciB dcrB mutant accumulates the
immature lipoprotein, pro-Lpp.
If pro-Lpp accumulation were sufficient to cause lethality in a yciB dcrB mutant, we anticipated that
multicopy expression of lgt, which restores growth to a yciB dcrB mutant, would reduce pro-Lpp levels
accordingly. Lpp was detected in a yciB dcrB double deletion expressing lgt at varying IPTG concentrations.
As expected, overexpression of lgt was able to eliminate the appearance of the pro-Lpp bands (Fig. 3-4B).
This suggests the accumulation of pro-Lpp in a yciB dcrB mutant is due to reduced Lgt-catalyzed
modification of Lpp.
We wondered why Lgt activity was reduced in a yciB dcrB mutant. There are currently no
commercially available antibodies for the detection of Lgt to track alterations in endogenous protein levels.
To work around this, we constructed a strain containing lgt-3xFLAG in place of the endogenous lgt locus,
linked to a kanamycin resistance cassette, and introduced this in to yciB and dcrB single and double
mutants (46). Lgt-3xFLAG protein levels were determined using an anti-FLAG antibody in WT and the
mutants. We did not observe any differences in the abundance of Lgt-3xFLAG in any of the mutants
compared to WT (Fig S3-4B). We considered altered transcriptional regulation by monitoring lgt mRNA
levels using qPCR in strains containing WT lgt. We found in neither the single mutants nor double mutant
lacking yciB and dcrB altered levels of lgt mRNA (Fig. S3-4C). These data indicate that the reduced Lgt
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activity in the double mutant is not due to altered expression of Lgt.

Fig. 3-4. Lipoprotein maturation is impaired in a yciB dcrB mutant. (A) Immunoblot results from cell
lysates of WT and mutants lgt (PAP9403), yciB dcrB (AM562), and yciB dcrB lppΔK58 (AM1715). Cells
were grown permissively overnight (LB 1% NaCl with 0.02% arabinose) and diluted 1:150 in LB (1%
NaCl) and grown for 3 h at 37°C. Lysates were prepared and analyzed by immunoblotting with an α-Lpp
antibody as described in Materials and Methods. The identity of the bands (a) and (b) are described in
the results section. (B) Immunoblot results from lysates of WT and mutant yciB dcrB (AM562) with or
without the lgt expressing pTrc99a plasmid (pTrc::lgt, AM1711). Cells were grown as described in (A),
however, amp and IPTG at 10 μM were included for yciB dcrB pTrc::lgt. Immunoblotting was performed
the same as in (A). (C) Chromosomal lacZ fusions to the target gene promoters of the Cpx and Rcs
ESRS, PcpxP and PrprA, were assayed for β-galactosidase activity in the following strains with (pTrc::lgt)
or without (p-) the lgt-expression vector, pDSW206-lgt : TB28 (WT; AM1245, AM1249, AM1755,
AM1754) and derivate mutants, yciB (AM1253, AM1255, AM1756, AM1757), dcrB (AM1258, AM1260,
AM1758, AM1759), and yciB dcrB (AM1263, AM1265, AM1760, AM1761). Permissively grown overnight
cultures were sub-cultured 1:150 in LB (1% NaCl) and grown at 37°C until OD600 = 0.250-0.350. Amp
and IPTG at 100 μM were included for the plasmid-containing strains. Transcriptional activity was
determined as described in Materials and Methods. Mean values and standard deviations are derived
from triplicate readings of 3 or more independent cultures.

Increased expression of Lgt reduces Rcs but not Cpx activation in a yciB dcrB mutant
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A reduction in the diacylglycerol linkage to lipoproteins is expected to result in the global accumulation of
prolipoproteins at the IM, including RcsF (15). Accordingly, we reported previously the appearance of M LPS
and increased Rcs activity by a lacZ transcriptional fusion experiment in the yciB dcrB double mutant (33,
47). We hypothesized these phenotypes were associated with the accumulation of RcsF at the IM as a
result of reduced DAG transfer to lipoproteins (15). This was tested by overexpression of Lgt in PrprA-lacZ
reporter strains lacking yciB, dcrB, or both yciB and dcrB. While yciB and dcrB single mutants show levels
of Rcs activation similar to WT, the yciB dcrB double mutant levels are increased more than 10-fold (Fig.
3-4D). Upon expression of Lgt, Rcs activity was reduced to near WT levels in the double mutant
background, suggesting increased Lgt levels lead to clearance of pro-RcsF from the IM. We also tested
what impact lpp deletion would have on Rcs activation in the double mutant, yciB dcrB. Stapling of PG to
the IM through Lpp is expected to reduce the periplasmic distance between IM and OM which would result
in Rcs activation due to the closer proximity of OM RcsF to components of the IM Rcs phosphorelay (23).
In the triple mutant, yciB dcrB lpp, we observed a reduction in Rcs activation compared yciB dcrB, however,
Rcs levels were still elevated more than 2-fold compared to WT or yciB dcrB overexpressing Lgt. These
data indicate that Rcs activation depends on the absence of both yciB and dcrB, and suggest high level
activation is contributed by stalled RcsF at the IM as well as OM RcsF which signals by virtue of reduced
periplasmic distance between IM and OM (Fig S3-4D).
We also tested if increased Lgt expression would reduce high-level activation of Cpx. Lgt was
overexpressed in our PcpxP-lacZ reporter strains. Both yciB and the double mutant yciB dcrB display
increased PcpxP-driven LacZ levels (approximately 3- and 5-fold, respectively), whereas dcrB levels are
like WT (Fig. 3-4C). In contrast to the Rcs response, overexpression of Lgt only modestly reduced Cpx
activation in both the yciB single and yciB dcrB double mutant. LacZ levels in the double mutant, yciB dcrB,
were reduced by a third upon Lgt overexpression, to levels similar to the single mutant yciB. LacZ levels
were reduced on average by a quarter in the yciB single mutant. Deletion of lpp in a yciB dcrB double
mutant reduced Cpx activation to levels which were similar to the yciB single mutant, suggesting the
elevated Cpx response in a yciB dcrB mutant compared to the single mutant yciB is contributed by additional
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IM defects associated with pro-Lpp accumulation which can be overcome by increased Lgt expression (Fig
S3-4D). Since a yciB single mutant shows neither pro-Lpp accumulation nor dramatically increased Rcs

Fig. 3-5. A dcrB mutant simulates yciB dcrB lethality under low temperature growth. (A) Spot assay
of WT and derivative mutants, yciB (AM134), dcrB (AM135), dcrB lpp (AM814), dcrB ldtB (AM815), dcrB
skp (AM871), and dcrB with pTrc99a-lgt (pTrc::lgt, AM1772). Strains were grown permissively overnight,
diluted to OD600 = 1.0, serially diluted in 10-fold increments, and 4 μL of cells spotted on LB (0% NaCl) agar
plates. Amp and 100 μM IPTG were included for the dcrB pTrc::lgt strain. The plates were incubated at
20°C for 3 overnights. (B) Colonies formed when grown under low-salt, low-temperature conditions. Shown
are WT with vector pTrc99A (AM922) or pTrc99a-lgt (AM1774), and a rcsB mutant containing pTrc99A
(AM1780). Strains were grown permissively overnight, serially diluted to 10 -6 in 100-fold increments, and
100 μL of cells spread on LB (0% NaCl) agar plates with amp and 100 μM IPTG. The plates were incubated
at 20°C for 4 overnights.
activation, the component of Cpx activation contributed by yciB deletion alone is most likely unrelated to

108

lipoprotein maturation impairment. In either case, the Cpx response is appears to be activated independent
of NlpE given deletion of nlpE did not impact yciB dcrB mutant viability or Cpx activation levels.
It has been reported previously that CpxR may be phosphorylated independent of CpxA due to
elevated levels of acetyl-phosphate generated through the Pta-AckA system (48, 49). To test if Cpx
activation occurred through this pathway we generated a yciB dcrB pta-ackA mutant and checked for
viability reduction comparable to yciB dcrB cpxR. The yciB dcrB pta-ackA mutant, however, grew as well
as the double mutant yciB dcrB, indicating that Cpx activation is not attributed to elevated levels of acetylphosphate.
A dcrB mutant is defective in lipoprotein maturation under low temperature growth
Towards defining the individual roles of yciB and dcrB, and their contributions towards the synthetic lethality,
we decided to probe our previously identified genetic suppressors in the single mutant backgrounds. Our
previous report showed a yciB deletion is sensitive to the antibiotic vancomycin as well as growth in the
presence of SDS-EDTA (33). We tested whether deletion of lpp or skp, or increasing the expression of Lgt
would cure the OM permeability defects (Fig. S3-5). These alterations had no effect on the viability of a
yciB mutant when grown in vancomycin or SDS-EDTA, indicating the genetic suppressors of yciB dcrB
synthetic lethality are not sufficient to suppress the yciB related OM permeability defects.
We had noted in a previous report the sensitivity of a dcrB single mutant when grown under reduced
temperatures in the absence of salt (50). When incubated at 20°C or below in LB (0% NaCl), the single
mutant shows reduced growth (Fig. 3-5A). We asked whether our genetic suppressors could also restore
growth here. Indeed, deletion of skp, ldtB, or lpp restored growth to the mutant as did overexpression of Lgt
(Fig. 3-5A). These data indicate a dcrB mutant grown under low salt, low temperature stress mimics a yciB
dcrB double mutant in terms of genetic suppressors, suggesting a dcrB single mutant is unable to grow
under this condition due to an accumulation of pro-Lpp as a result of reduced diacylglycerol transfer by Lgt.
We also took note of what appeared to be a general susceptibility of E. coli to the effects of this growth
condition as WT cells showed an Rcs-dependent mucoid phenotype, suggesting the ESRS is highly
activated here (Fig. 3-5B). Overexpression of Lgt in WT cells can eliminate this phenotype, suggesting
lipoprotein maturation may generally be impaired under low-temperature, low-salt growth. Together, these
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data suggest the synthetic lethal component of yciB dcrB is contributed by dcrB whose deletion results in
lethal lipoprotein maturation impairment under conditions which result in sub-optimal Lgt-catalyzed DAG
transfer to pro-lipoproteins.
3-3 Discussion
In this study, we have expanded upon the initial discovery of a synthetic lethal relationship between the IM
proteins, YciB and DcrB, uncovering a more detailed mechanistic basis for the defect in lipoprotein
biogenesis (33). The results establish that lipoprotein maturation is defective in a yciB dcrB double mutant,
specifically at the level of Lgt-catalyzed DAG transfer to lipoproteins. Our results also reveal the Cpx ESRS
is activated here in a manner largely independent of the OM sensor NlpE, indicating that defects in early
lipoprotein maturation steps do not serve as robust activating cues for this ESRS. We have drawn a model
to represent our findings (Fig. 3-2A, B, 3-6).
Lack of YciB and DcrB leads to defects in lipoprotein maturation
Deletion of yciB and dcrB leads to a stall in lipoprotein maturation at the level of Lgt-catalyzed DAG transfer
to pro-lipoproteins as evidenced by our data showing morphological similarities between yciB dcrB and lgt
deletion mutants, the accumulation of pro-Lpp and the recovery of growth by increased expression of Lgt
in a yciB dcrB mutant (Fig. 3-6). The synthetic lethal phenotype is caused by the acute toxicity from inhibited
maturation of Lpp which becomes covalently linked to PG from the IM (33, 44). Given lpp deletion restores
growth to a yciB dcrB double deletion mutant, it is most likely that a sufficient proportion of other essential
lipoproteins (e.g., LolB, BamD) are able to mature and reach their destinations (16, 17). Therefore, the Lgtcatalyzed step is not completely abrogated but inhibited to the point that enough Lpp accumulates at the
IM, resulting in death.
It is not immediately clear why DAG transfer to lipoproteins is inhibited in the context of a yciB dcrB
mutant. We previously ruled out that depletion of the essential substrate phosphatidylglycerol is the
contributing factor to lipoprotein biogenesis impairment (33). How else then could this step of lipoprotein
maturation be impaired? One possibility is that alterations in lipid biogenesis apart from bulk phospholipid
synthesis lead to inhibited Lgt activity. In a recent report, Lgt was shown to be inhibited in vitro by fatty acids
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lacking a phosphate head group (51). The accumulation of such lipidic species would not have been

Fig. 3-6. Model for yciB dcrB mutant synthetic lethality and ESRS activation. Shown is a schematic
depicting the predicted consequence of deletion of yciB and dcrB and their mechanisms of ESRS activation
in E. coli. Our genetic, cell biological, and biochemical data indicate the loss of both yciB and dcrB results
in inhibition of the Lgt-catalyzed of lipoprotein maturation (solid red line with block), resulting in the
accumulation of pro-lipoproteins at the IM, including pro-Lpp, pro-NlpE, and pro-RcsF which remain
associated with the IM through their signal peptides. The covalent tethering of PG to the the IM through
pro-Lpp results in synthetic lethality. Pro-RcsF retains its signaling activity through the Rcs phosphorelay
which is shown abbreviated with a dotted line and arrow. However, pro-NlpE is no longer competent for
signaling, thus CpxR is no longer activated by phosphorylation through the NlpE-CpxA pathway which is
abbreviated with a dotted line and arrow with an X representing loss of signaling. CpxR is activated in a
yciB dcrB mutant, but through an unknown mechanism associated specifically with yciB (dashed line and
arrow) but also through deletion of both yciB and dcrB (dashed line and arrow) perhaps through synthetic
defects in IM integrity
observed with the detection methods previously utilized. The thermal stability of Lgt also was shown to be
reduced in the presence of unsaturated phospholipids. The idea that unsaturated phospholipids may impact
Lgt is supported by our findings that growth at reduced temperature, where unsaturated fatty acid levels
increase, negatively impacts the growth of a yciB dcrB mutant as well as a dcrB single mutant which can
be rescued under these conditions by multicopy Lgt expression (33, 52). Whether a yciB dcrB mutant
displays such defects in lipid biogenesis requires further biochemical analyses. An alternative explanation
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invokes the possibility of an altered redox status of the periplasm. Recent reports indicate that lipoprotein
maturation may be a direct target of redox-active copper ions, inhibiting the Lgt-catalyzed step by reacting
with the invariant Cys+1 residue of immature lipoproteins (19, 42). Indeed, the yciB dcrB double as well as
the single mutants were sensitive to copper to varying extents and viability of each restored by expression
of Lgt (Fig. 3-3C). Periplasmic proteins with single cysteine residues not involved in disulfide bond formation
are susceptible to oxidation, being irreversibly converted sulfenic acid derivates (53). For lipoproteins, these
modifications would block modification by Lgt. Failure of the periplasmic reducing systems or the
accumulation of excessive reactive oxygen species in the periplasm could result in inhibited lipoprotein
maturation. A recent study placed NlpE as a sensor of such oxidative stressors whereby its failure to
undergo proper oxidative folding results in its activation of the Cpx response (18). In the context of a yciB
dcrB mutant, we consider the scenario of an altered periplasmic redox state to be less likely, however,
given that Cpx activation is independent of the NlpE sensor.
Defects in early lipoprotein maturation steps lead to NlpE-independent Cpx activation
Our genetic and transcriptional data indicate that NlpE is not responsible for Cpx activation in a yciB dcrB
mutant (Fig. 3-2A, B). Deletion of nlpE did not impact yciB dcrB viability under permissive conditions
compared to a cpxR deletion which was lethal. Further, in our transcriptional fusion experiments, nlpE
deletion did not reduce levels of LacZ driven by PcpxP. These data clearly indicate NlpE-independent Cpx
activation. A portion of the Cpx activation that occurs in a yciB dcrB mutant is contributed by defects
resultant from deletion of yciB which shows an elevated Cpx response, albeit not as high as the yciB dcrB
double mutant. The heightened response in a yciB dcrB double mutant is most likely attributed by additional
defects in IM integrity resultant from stalled lipoprotein maturation, not associated with NlpE sensing. These
IM defects may serve as a direct cue for the partial CpxA-mediated activation as evidenced by loss of robust
growth by cpxA deletion (Fig. S-3-2). The portion contributed by yciB deletion is not due to defective
lipoprotein maturation since a yciB single mutant does not accumulate pro-Lpp, does not show high-level
Rcs activation, nor are PcpxP-driven LacZ levels reduced by Lgt expression (Fig. 3-4C, D, S3-4D). On the
other hand, increased Lgt expression eliminated the high level Rcs activation, which was associated with
the yciB dcrB mutant, suggesting RcsF was indeed stalled and subsequently cleared from the IM by Lgt
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overexpression. These data indicate two things. First, the lipoprotein maturation defect is only associated
with loss of both yciB and dcrB under the conditions utilized in these experiments. Second, while pro-RcsF
is capable of signaling an Rcs response, pro-NlpE does not serve as a robust activator of Cpx. This adds
to the growing number of reports that NlpE does not signal Cpx when blocked at early steps in maturation
(18, 19, 54). In pgsA mutants which accumulate pro-lipoproteins due to a lack of phosphatidylglycerol, Cpx
activation is observed independent of NlpE (54). Further, the LspA inhibitor, globomycin, results in activation
of Cpx which is not largely affected by the removal of NlpE (18, 19). While cpxR removal significantly
reduced the minimum inhibitory concentration required for globomycin to inhibit E. coli growth, nlpE removal
did not alter sensitivity (19). In contrast, nlpE mutant E. coli are hyper-sensitive to the LolCDE inhibitor,
Cpd2, and display NlpE-dependent Cpx activation. Collectively, these data indicate that while Cpx activation
is important for coping with defects in early steps of lipoprotein maturation (LspA- or Lgt-catalyzed), this is
sensed in an NlpE-independent fashion. It is possible that NlpE must first be modified with DAG and
liberated from its signal peptide prior to entering a signaling-competent state.
Cellular Roles for YciB and DcrB
Through transcriptional fusions and genetic experiments, we discovered that skp suppression of yciB dcrB
lethality occurs in a manner that is dependent on the inhibitor of Lpp translation, MicL (Fig. 3-1A, B). We
had previously postulated that Skp contributes to lethality by mis-inserting porins to the IM, thus further
contributing to a reduction in the proton-motive force (PMF) that is apparent in the yciB dcrB mutant (33,
55). This was supported by our finding that the PMF is partially restored by skp deletion in the double
mutant. While our data here do not rule out the possibility that skp mis-inserts porins to the IM, they suggest
that the leading cause of suppression is the indirect reduction in Lpp synthesis. Thus, all genetic
suppressors of yciB dcrB mutant lethality point towards Lpp toxicity as the cause of death. The reduced
PMF is not likely to be the cause of Lpp maturation impairment given that a yciB mutant alone shows low
PMF levels comparable to a yciB dcrB mutant yet does not accumulate detectable pro-Lpp. Considering
lipoprotein maturation itself, lipoprotein signal peptide cleavage is the only step reported to be PMFdependent (56). Since our genetic and biochemical data point towards DAG transfer to lipoproteins by Lgt,
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we favor the hypothesis that lipoprotein maturation impairment in a yciB dcrB mutant occurs in a manner
that is independent of reduced PMF.
Our work with the single mutants revealed that under standard conditions lipoprotein maturation is
not impaired in yciB or dcrB single mutants to the level that pro-Lpp could be detected by immunoblotting
or that Lpp is toxic. However, when grown at reduced temperatures, a dcrB mutant shows reduced viability
which can be suppressed in a manner that implies pro-Lpp stalling as the cause of death. Since WT E. coli
display a mucoid phenotype under these conditions which can be suppressed by Lgt expression, we infer
lipoprotein maturation is generally inhibited here. Thus, dcrB appears to be required under conditions which
result in impairment of this pathway. These data suggest a role for DcrB is coping with these defects. It is
interesting to note the co-occurrence of dcrB and lpp almost exclusively within the enteric class of
proteobacteria. Given the burden presented by the abundant Lpp on lipoprotein biogenesis pathways, it is
conceivable that this class of bacteria have evolved quality control mechanisms to ensure facile biogenesis
of this lipoprotein. Our data suggest DcrB to involved in such a mechanism. Recently, the crystal structure
of the DcrB ortholog in Salmonella was solved, showing DcrB shares significant similarity with the plant
chloroplast photosystem II protein, PsbP, which interacts with various members of the membrane-bound
system, maintaining the integrity of metal ion clusters under various environmental stress conditions (57,
58). In E. coli, DcrB may serve a similar function at the E. coli IM, interacting with proteins that are important
towards maintenance of IM integrity.
To explain synthetic lethality under standard conditions, the deletion of yciB may simulate the
physiological status of a cell when grown at reduced temperatures, perhaps altering metabolic processes
including lipid synthesis, or altering biogenesis of certain envelope components which contribute to suboptimal Lgt efficiency. This is in part apparent from our data showing the vancomycin sensitivity of a yciB
mutant as this antibiotic becomes efficient in targeting E. coli when grown at reduced temperatures (59).
Our data show a significant increase in Cpx activity due to deletion of yciB, and this is not attributed to either
NlpE-mediated signaling or the accumulation of acetyl-phosphate through the Pta-AckA system (48). An
alternative mechanism for Cpx activation involves elevation in the intracellular levels of acetyl-CoA, a
central component of fatty acid metabolism (60). The possibility of alterations in fatty acid synthesis is
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supported by our previous results showing an altered phospholipid:LPS ratio and high LpxC levels in a yciB
dcrB mutant (33). Further, the genomic of location of an acyl-CoA thioesterase, yciA, immediately
downstream of yciB suggests a possible role for YciB in fatty acid metabolism. A role for YciB in influencing
fatty acid metabolism or other aspects of lipid synthesis, whether it functions individually or in association
with DcrB or other unidentified genetic factors, and their exact influence on the process of lipoprotein
maturation will be revealed by further genetic and biochemical analyses
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3-4 Methods and Materials
Strains, plasmids, primers, and growth conditions. Strains and plasmids can be found in Tables 1, 2,
S1, and S2. Primers and plasmid construction are described in supplemental materials. For all reported
data, E. coli strains used are derivatives of MG1655 or BW25113. A micL deletion derivative of MG1655
was generated using the Datsenko and Wanner method (61). For construction of strains containing epitope
tagged Lgt, lgt was cloned upstream of 3xFLAG in the plasmid pSub11, PCR products generated from the
resultant plasmid and integrated at the native lgt locus using the Datsenko and Wanner method (46). Other
deletion mutants were generated by P1 phage transduction using the Keio collection strains as donors. For
construction of multiple deletion mutants, KanR was excised via FRT sites using FLP recombinase encoded
on pCPC20. Cells were grown in LB (1% tryptone, 0.5% yeast extract, 1% NaCl) referred to as LB (1%
NaCl) or LB with no NaCl, referred to as LB (0% NaCl). Antibiotics were used at concentrations of 20 μg ml–
1

(chloramphenicol; Cm), 50 μg ml–1 (kanamycin; Kan) or 25 μg ml–1 when selecting for inegrants,

100 μg ml–1 (ampicillin; Amp), and 10 μg ml–1 (tetracycline; Tet) when selecting for integrants. When
generating and utilizing the 3xFLAG strains, thymidine was included at 50 μg ml–1. For induction conditions,
arabinose at 0.02% or 0.2%, and isopropyl β‐D‐1‐thiogalactopyranoside (IPTG) at varying concentrations
reported in the figure legends were used.
Spot viability assays. Cultures grown permissively overnight at 37°C, were pelleted, washed and
normalized to optical density OD600 = 1.0 in LB (1% NaCl) prior to spotting on to agar media. Cell
suspensions were serially diluted from 10–2 to 10–6 and 4 μl from each dilution was spotted on plates and
grown at 37°C overnight.
Microscopy. Cells were grown overnight, with 0.02% arabinose when depleting yciB or lgt, and subcultured
1:150 into LB (1% NaCl). Cells were imaged on 1% agarose pads by phase microscopy using a Nikon
Eclipse Ti microscope with a charge coupled device (CCD) camera. Cells were maintained at 37°C using
the TC‐500 temperature controller (20/20 Technology). Image processing was done in NIS‐Elements
software (Nikon).
β-galactosidase

activity

assays.

Assays

were

performed

essentially

as

described

(62).

Chromosomal lacZ fusions integrated at the λ‐att site were transduced into TB28 (lacIZYA) and derivative
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mutant backgrounds via linkage to nadA::Tn10 marker. Strains grown permissively overnight were
subcultured 1:150 in LB (1% NaCl) and grown at 37°C for 2-3 hours. A 200-μL aliquot of each culture was
transferred to a 96‐well flat bottom plate and OD595 values read using a plate reader (SpectraMAX 190,
Molecular Devices). Next, 100 μl of cultures were transferred to a new 96‐well plate and mixed with 10 μl
of PopCulture reagent (EMD Millipore) containing 0.4 units μl–1 of rLysozyme (Novagen) and incubated at
room temperature for 30 min to lyse the cells. After lysis, 30 μl of lysate was transferred to a new 96‐well
plate, mixed with 150 μl of Z‐buffer (8.53 g of Na2HPO4, 5.5 g NaH2PO4, 0.75 g of KCl, and 0.246 g
MgSO4 in 1L) containing O‐nitrophenyl‐β-galactoside (ONPG, 2 mg ml–1) and β-mercaptoethanol (0.2%),
and placed in the plate reader maintained at 28°C. The OD 415 values were read every minute for an hour.
Miller units were derived using a modified equation as described previously (36).
Whole-cell lysate preparation and immunoblotting. For Lpp immunoblotting, cells were prepared as
described previously (11). Strains grown permissively overnight (0.02% arabinose for PAP9403) were subcultured 1:150 in LB (1% NaCl) and grown at 37°C for 3 hours. Approximately 3.2 x 108 cells were collected
(10.5k x g, 1.5 mins) for each strain. To lyse cells, 100 μL Bugbuster (EMD) with benzonase (50 U/mL) was
used to suspend cell pellets which were incubated at RT for 15 min. Lysates were mixed with 200μL 2×
Tricine-SDS sample buffer (Novex) with 4% β-mercaptoethanol. Lysates were boiled in water for 5 min and
resolved on 16% Tricine gels (Novex) with Tricine-SDS sample buffer (Novex) at 125 V for 2.5 h. Proteins
were transferred to a nitrocellulose membrane (0.2 μm). The rabbit polyclonal antibody, α-Lpp (gift from
Silhavy laboratory), was used at 1:500,000. Secondary antibodies were IRDye goat-α-rabbit 800CW (LICOR Biosciences) used at 1:20,000 dilution.
For detection of Lgt-3XFLAG, the M2 monoclonal anti-FLAG antibody (Sigma-Aldrich) was used. Cells were
grown as described above, in the presence of thymidine, and lysed by suspension in 2x Laemmli buffer
with 4% β-mercaptoethanol. Proteins were resolved on 12% SDS-PAGE gels and proteins transferred to
nitrocellulose membranes (0.4 μm). The α-FLAG antibody was used at 1:1,000 and probed with secondary
goat-α-mouse antibody, 680RD (LI-COR Biosciences at 1:20,000. Bands were visualized and quantified
using LI-COR Odyssey CLx imager.
qPCR analysis of lgt
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Strains grown permissively overnight were sub-cultured 1:150 in LB (1% NaCl) and grown at 37°C for 3
hours. RNA was extracted using the RNeasy mini kit (Qiagen) and converted to cDNA using the qScript
cDNA synthesis kit (QuantaBio). qPCR was performed using the cDNA in a LightCycler 96 (Roche) RTPCR machine. Relative levels of RNA for lgt were calculated based on ΔΔCT values relative to WT from
data of three biological replicates using TufA cDNA levels for housekeeping.
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Fig. S3-1. Suppression of yciB dcrB mutant lethality by mutations which induce RpoE ESRS. (A)
Spot assay of WT and derivative mutants, yciB dcrB (AM519), yciB dcrB skp (AM866), and yciB dcrB
skp micL (AM1650), and yciB dcrB micL (AM1751) mutants. Strains were grown permissively overnight,
diluted to OD600 = 1.0, serially diluted in 10-fold increments, and 4 μL of cells spotted on LB (1% NaCl)
agar which was incubated overnight at 37°C. (B) Spot assay of WT and derivative mutants yciB dcrB
(AM519), yciB dcrB skp (AM866), and yciB dcrB surA (AM975), and yciB dcrB surA micL (AM1765)
mutants. Strains were grown permissively overnight, diluted to OD600 = 1.0, serially diluted in 10-fold
increments, and 4 μL of cells spotted on LB (0% NaCl) agar which was incubated overnight at 37°C. (C)
Transcriptional assays were performed using chromosomal lacZ fusions to the target gene promoters of
the Rcs, Psp, Bae, and Cpx ESRSs. These are PrprA, PpspA, Pspy, and PcpxP respectively. β-galactosidase
activity was determined in TB28 (WT, AM1243, AM1245, AM1247, AM1249) and derivate double mutant,
yciB dcrB (AM1262, AM1263, AM1264, AM1265) and triple mutant, yciB dcrB skp (AM1677, AM1678,
AM1679, AM1681). Permissively grown overnight cultures were sub-cultured 1:100 in LB (0% NaCl) and
grown for 2.5 h at 37°C. Transcriptional activity was determined as described in Materials and Methods.
Mean values and standard deviations are derived from triplicate readings of 3 or more independent
cultures.

Fig. S3-2. The deletion of yafY and cpxA in a yciB dcrB mutant does not phenocopy yciB dcrB
cpxR. Spot assay of WT and derivative mutants, yciB dcrB (AM519), yciB dcrB yafY (AM1775), cpxA
(AM1572), and yciB dcrB cpxA (AM1643). Strains were grown permissively overnight, diluted to OD600
= 1.0, serially diluted in 10-fold increments, and 4 μL of cells spotted on LB (1% NaCl) agar which was
incubated overnight at 37°C.
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Fig. S3-3. Alterations in phospholipid flux do not suppress yciB dcrB lethality. (A) Spot assay
of yciB dcrB (AM1674) mutant and derivative strains containing pTrc99a plasmids harboring pssA
(AM1777) or pgsA (AM1776). Strains were grown permissively overnight, diluted to OD600 = 1.0,
serially diluted in 10-fold increments, and 4 μL of cells spotted on LB (0% NaCl) agar plates with
amp and varying amounts of IPTG which were incubated overnight at 37°C. (B) Spot assay of WT
and derivative mutants yciB dcrB (AM519), yciB dcrB opgB (AM1652), yciB dcrB opgH (AM1653),
yciB dcrB opgE (AM1654), or opgH (AM1651). Strains were grown permissively overnight, diluted
to OD600 = 1.0, serially diluted in 10-fold increments, and 4 μL of cells spotted on LB (0% NaCl) agar
plates which were incubated overnight at 37°C.
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Fig. S3-4. Pro-Lpp accumulation is only apparent in the double mutant, is not related to
altered Lgt expression, and partially contributes to increased Rcs and Cpx ESRS
activation. (A) Immunoblot results from cell lysates of WT and mutants yciB (AM134), dcrB
(AM135), and yciB dcrB (AM562). Cells were grown permissively overnight and diluted 1:150 in
LB (1% NaCl) and grown for 3 h at 37°C. Lysates were prepared and analyzed by immunoblotting
with an α-Lpp antibody as described in Materials and Methods. (B) Immunoblot results from cell
lysates of lgt-3xFLAG integrants of WT (AM1752) and mutants yciB (AM1761), dcrB (AM1762),
and yciB dcrB (AM1763). WT lacking lgt-3xFLAG was included as a negative control for
immunoblotting. Cells were grown permissively overnight and diluted 1:150 in LB (1% NaCl) with
thymidine and grown for 3 h at 37°C. Lysates were prepared and analyzed by immunoblotting
with an α-3xFLAG antibody as described in Materials and Methods. (C) Quantitative PCR results
from cDNA obtained through RT-PCR from WT and mutants yciB (AM134), dcrB (AM135), and
yciB dcrB (AM519). Cells were grown permissively overnight and diluted 1:150 in LB (1% NaCl)
and grown for 3 h at 37°C. The means of obtaining cDNA and quantitative data for calculating
fold-expression changes are described in Materials and Methods. (D) Chromosomal lacZ fusions
to the target gene promoters of the Cpx and Rcs ESRS, PcpxP and PrprA, were assayed for βgalactosidase activity in the following strains: TB28 (WT; AM1245, AM1249) and derivate mutant
yciB dcrB lpp (AM1740, AM1779). Permissively grown overnight cultures were sub-cultured 1:150
in LB (1% NaCl) and grown at 37°C until OD600 = 0.250-0.350. Transcriptional activity was
determined as described in Materials and Methods.
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Fig. S3-5. The envelope defects of a yciB single mutant are not ameliorated by suppressors
of yciB dcrB double mutant synthetic lethality. (A) Spot assay of WT and derivate mutants
yciB (AM134), skp (AM866), yciB skp (AM870), lpp (AM949), and yciB lpp (AM816). Strains were
grown permissively overnight, diluted to OD600 = 1.0, serially diluted in 10-fold increments, and 2
μL of cells spotted on LB (1% NaCl) agar plates with 0.5% SDS and 0.7 mM EDTA. 4 μL were
spotted for the agar plates containing vancomycin at 200 μg/mL. Plates were incubated overnight
at 37°C. (B) Spot assay of WT (AM1625), and derivative mutant yciB containing plasmids with or
without lgt (AM1441 and AM149). Strains were grown permissively overnight, diluted to OD 600 =
1.0, serially diluted in 10-fold increments, and cells spotted on LB (1% NaCl) agar plates with amp
and 10 μM IPTG with either 0.5% SDS and 1.1 mM EDTA or vancomycin at 175 μg/mL. Plates
were incubated overnight at 37°C.
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Table 3-1. Strains used in this study.
Strain

Genotype

Source or referencea

MG1655

K12 F- λ- ilvG- rfb-50 rph-1

Laboratory collection

TB28

MG1655 lacIZYA::frt

(63)

PAP9403

BW25113 lgt::KanR pBAD18s-lgt

(35)

EPB28

MG1655 φ(ompF+-yfp+)30 φ(ompC+-cfp+)31

(49)

Δ(ackA-pta)728::cat
AM134

MG1655 yciB::frt

AM135

MG1655 dcrB::frt

AM149

AM134 pDSW206

AM519

MG1655 yciB::frt dcrB::frt pBAD33-yciB

AM562

MG1655 yciB::frt dcrB::frt

AM809

AM135 pDSW206

AM814

AM135 lpp::KanR

AM815

AM135 ldtB::KanR

AM866

AM519 skp::frt

AM871

MG1655 skp::frt dcrB::KanR

AM922

MG1655 pTrc99a

AM974

AM519 nlpE::kan

AM1137

TB28 yciB::frt

AM1138

TB28 dcrB::frt

AM1139

TB28 yciB::frt dcrB::frt pBAD33-yciB

AM1245

TB28 nadA::Tn10 attλ PcpxP::lacZ

AM1249

TB28 nadA::Tn10 attλ PrprA::lacZ

AM1251

TB28 nadA::Tn10 attλ PrpoH::lacZ

AM1253

AM1137 nadA::Tn10 attλ PcpxP::lacZ

AM1255

AM1137 nadA::Tn10 attλ PrprA::lacZ
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AM1258

AM1138 nadA::Tn10 attλ PcpxP::lacZ

AM1260

AM1138 nadA::Tn10 attλ PrprA::lacZ

AM1263

AM1139 nadA::Tn10 attλ PcpxP::lacZ

AM1265

AM1139 nadA::Tn10 attλ PrprA::lacZ

AM1266

AM1139 nadA::Tn10 attλ PrpoH::lacZ

AM1436

AM519 pDSW206-lgt

AM1441

AM134 pDSW206-lgt

AM1442

AM135 pDSW206-lgt

AM1625

MG1655 pDSW206

AM1627

AM519 pDSW206

AM1646

AM519 cpxR::kan

AM1650

AM866 micL::kan

AM1665

AM1263 nlpE::kan

AM1667

AM519 pTrc99a-lgt

AM1674

AM519 pTrc99A

AM1676

AM519 pTrc99A-lgt

AM1680

AM1266 skp::frt

AM1711

AM562 pTrc99a-lgt

AM1715

AM562 lppΔK58

AM1754

AM1245 pDSW206-lgt

AM1755

AM1249 pDSW206-lgt

AM1756

AM1253 pDSW206-lgt

AM1757

AM1255 pDSW206-lgt

AM1758

AM1258 pDSW206-lgt

AM1759

AM1260 pDSW206-lgt

AM1760

AM1263 pDSW206-lgt

AM1761

AM1265 pDSW206-lgt
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AM1772

AM135 pTrc99a-lgt

AM1774

MG1655 pTrc99a-lgt

a Unless

b

otherwise stated, strains were constructed in this study.

Coli Genetic Stock Center

Table 3-2. Plasmids used in this study.
Plasmid

Source or referencea

Relevant characteristics

pSub11
pDSW206

(46)
pTrc99a; promoter attenuated (-10, TATAAT→CATTAT; -

(64)

35, TTGACA→TTTACA
pTrc99A

pBR/ColE1, AmpR lacI Plac::empty

”

pAM1

pBAD33-yciB

(33)

pAM7

pDSW206-lgt

pAM8

pTrc99a-lgt

a This

study, unless otherwise stated
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3-6 Supporting Information
Primers and Plasmid construction
Genomic DNA from MG1655 (WT) was used as template for all PCR amplification reactions.
pAM7/8: For our lgt overexpression studies, the lgt region was amplified using the PCR primers lgt-F (5’CGC GCG GTA CCA GGA GGA AGG CGA TGA CCA GTA GCT ATC TGC ATT TTC CG) and lgt-R (5’ –
CGC GCA AGC TTT CAG GAA ACG TGT TGC TGT GG), digested with KpnI (lgt-F, underlined) and HindIII
(lgt-R, underlined) and cloned into pTrc99a or pDSW206.
pAM9: For our pgsA overexpression studies, the pgsA region was amplified using the PCR primers pgsAF (5’- CGC GCG AGC TCA GGA GGA AGG CGA TGC AAT TTA ATA TCC CTA CG) and pgsA-R (5’ –
CGC GCA AGC TTT CAC TGA TCA AGC AAA TC), digested with SacI (pgsA-F, underlined) and HindIII
(pgsA-R, underlined) and cloned into pTrc99a or pDSW206.
pAM10: For our pssA overexpression studies, the pssA region was amplified using the PCR primers pssAF (5’- CGC GCG AGC TCA GGA GGA AGG CGA TGT TGT CAA AAT TTA AGC GT) and pssA-R (5’ –
CGC GCA AGC TTT TAC AGG ATG CGG CTA ATT AA), digested with KpnI (pssA-F, underlined) and
HindIII (pssA-R, underlined) and cloned into pTrc99a or pDSW206.
pSub11: For generating the epitope-tagged lgt allele (lgt-3xFLAG), we designed primers used to amplify a
gene product with flanking regions homologous to the lgt region immediately adjacent to the lgt stop codon.
The other half of the primer was homologous to regions of pSub11 immediately flanking the FRT-KanR-FRT
which included the the 3xFLAG sequence. The following primers were used to amplify this product using
pSub11 as a template: lgtFLAG-F (5’ - CAT ATC GTC GCA GCC CAC AGC AAC ACG TTT CC
GACTACAAAGACCATGACGG) and lgtFLAG-R (5’ – CAT CAG TTC TAA ATA CTG TTT CAT GGT TCC
CAT ATG AAT ATC CTC CTT AGT TCC). Underlined are regions homologous to lgt and in italics are
regions homologous to pSub11. The PCR product was used for homologous recombination using the
method of Datsenko and Wanner (61).
micL deletion primers: For generating a chromosomal knockout of micL, we designed primers used to
amplify a gene product with flanking regions homologous to the micL region. The other half of the primers
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was homoglous to pKD13, flanking the FRT-KanR-FRT region. The following primers were used to amplify
this product using pKD13 as a template: micLKO-F (5’ – GGA ATC ATT GAA CGC CAT CAG GCC AAA
TGA ATT CCG GGG ATC CGT CGA CC) and micLKO-R (5’ – ATC GTT CGT TTT TTA TAC TGT TCA
GGG ATG TGT AGG CTG GAG CTG CTT CG). Underlined are regions homologous to the regions flanking
micL and in italics are regions homologous to pKD13. The PCR product was used for homologous
recombination using the method of Datsenko and Wanner (61).
Table S3-1. Supplementary list of strains used in this study.
Strain

Genotype

Source or referencea

BW25113

F- - rph-1 rrnB3 lacZ4787 (araBAD)567 (rhaBAD)568

Laboratory collection

hsdR514
AM816

AM134 lpp::KanR

AM870

MG1655 skp::frt yciB::KanR

AM949

MG1655 lpp::KanR

AM951

MG1655 skp::frt

AM975

AM519 surA::KanR

AM1243

TB28 nadA::Tn10 attλ Pspy::lacZ

AM1247

TB28 nadA::Tn10 attλ PpspA::lacZ

AM1262

AM1139 nadA::Tn10 attλ Pspy::lacZ

AM1264

AM1139 nadA::Tn10 attλ PpspA::lacZ

AM1572

MG1655 cpxA::KanR

AM1643

AM519 cpxA::KanR

AM1651

MG1655 opgH::KanR

AM1652

AM519 opgB::KanR

AM1653

AM519 opgH::KanR

AM1654

AM519 opgE::KanR

AM1677

AM1263 skp::frt

AM1678

AM1259 skp::frt
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AM1679

AM1260 skp::frt

AM1681

AM1262 skp::frt

AM1740

AM1263 lpp::KanR

AM1752

MG1655 lgt-3xFLAG

AM1751

AM519 micL::KanR

AM1761

AM134 lgt-3xFLAG-KanR

AM1762

AM135 lgt-3xFLAG-KanR

AM1763

AM519 lgt-3xFLAG-KanR

AM1765

AM519 micL::frt surA::KanR

AM1773

AM519 pDSW204-dcrB

AM1775

AM519 pta-ackA::CmR pDSW204-dcrB

AM1776

AM519 yafY::KanR

AM1777

AM519 pTrc99a-pgsA

AM1778

AM519 pTrc99a-pssA

AM1779

AM1265 lpp::KanR

AM1780

MG1655 rcsB::KanR pTrc99a

a This

b

study unless otherwise stated.

Coli Genetic Stock Center

Table S3-2. Plasmids used in this study.
Plasmid

Relevant characteristics

Source or referencea

pSub11

pUC18; KanR AmpR; 3xFLAG cloned adjacent to pKD4-

(Uzzau et al., 2001)

derived FRT-Kan-FRT
pAM9

pTrc99A-pgsA

pAM10

pTrc99a-pssA

a This

study, unless otherwise stated.
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Chapter 4
Summary of Work and Future Directions
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4-1 Summary of Work
In all organisms, many membrane proteins play essential, diverse roles in maintaining cell homeostasis.
Gram-negative bacterial IM proteins must also serve to maintain the integrity of the outer envelope,
including the periplasmic compartment, cell wall, and outer membrane. Past investigations in the model
Gram-negative bacterium Escherichia coli have focused on IM proteins whose functions are essential under
standard laboratory conditions and provided a foundation to guide future studies aimed at learning in more
depth the molecular capabilities of the cell’s IM proteome. Our overall knowledge regarding the functions
of these membrane proteins though is still more limited compared to soluble cytoplasmic or periplasmic
proteins due to their chemical nature which hinder biochemical and structural analyses. Further, we do not
have a comprehensive understanding of which IM proteins are essential in the organism’s natural setting
where it is exposed to rapid environmental flux. This is particularly true for smaller integral IM proteins which
are largely uncharacterized. This thesis’ goal was to understand in greater depth the function of one of
these proteins that is highly conserved in Gram-negative bacteria.
The focus was on the small integral IM protein, YciB, whose ortholog in the pathogen Shigella
flexneri was shown essential for cell division during intracellular growth in host epithelial cells. Towards
understanding the molecular role of YciB, a screen was devised to identify genetic interactors synthetic
lethal with yciB under low-osmolarity stress conditions, which have been shown to impact septum formation
during cell division. The screen identified a gene encoding an IM lipoprotein, dcrB. Understanding the
molecular basis of cell death, due to deletion of both yciB and dcrB, was a central aim for this study. Several
negative growth phenotypes were apparent in this mutant and suggested that cells were impaired for
multiple facets of cellular physiology. The most striking among these was a defect in the integrity of the
outer cell envelope, as evidenced by microscopic data showing altered membranes and vesicle formation
as well as a sensitivity to a variety of chemicals, including those effective at targeting cells with altered OM
permeability, such as the widely used antibiotic vancomycin. Towards understanding the contributions of
the individual genes to these phenotypes, it was discovered that deletion of yciB alone was primarily
responsible for the defect in OM permeability, indicating an important role for YciB in maintaining OM
integrity. The idea that envelope integrity was compromised in a yciB single and yciB dcrB double mutant
was strongly supported by evidence showing that various ESRSs were significantly upregulated in these
139

mutants. Notably, the response regulator for the Cpx ESRS, CpxR, was essential for survival under
conditions which normally enable growth of a yciB dcrB mutant. The ESRS profile suggested membrane
energetics to be impaired at the level of PMF. Indeed, a fluorescent assay used to monitor the PMF
supported this conclusion and revealed that yciB deletion alone was mostly responsible for this. Given that
yciB was identified in a computational study as bearing similar topological organization to LeuT family
transporters, it was hypothesized that YciB plays a critical role in an IM transport process. The exact process
has yet to be discovered. Regardless, the results from the published research that are presented in this
thesis support that this conserved, small integral IM protein plays a critical role towards maintaining cell
envelope integrity in E. coli.
A major revelation from the first study was that OM protein biogenesis was impaired in a yciB dcrB
double deletion mutant. In the second part of this study, to understand the molecular basis of this
phenotype, a combination of genetic and transcriptional reporter assays were performed, leading to the
finding that lipoprotein biogenesis was impaired. Specifically, lipoproteins were inhibited at an early step in
the process of maturation, accumulating at the IM and causing cell death, specifically due to the PG binding
function of the abundant OM lipoprotein, Lpp, at the IM. The failed maturation process was due to inhibited
activity of an IM enzyme, Lgt, which functions in the first step of lipoprotein maturation, tethering lipoproteins
to the membrane with DAG using the phospholipid phosphatidylglycerol as a substrate donor. Without
optimal modification by DAG, lipoproteins fail to be processed through subsequent steps in the maturation
pathway. The investigation revealed the precise step in lipoprotein biogenesis that was impaired in a yciB
dcrB double mutant, indicating a synergistic role for these two proteins in this process.
Additional work on the single mutants allow some speculation on their influence over this process.
Genetic data suggest defects associated with dcrB deletion are more intimately tied to the lipoprotein
maturation defective phenotype, since genetic suppressors which ameliorate this phenotype (lpp deletion
or Lgt overexpression) similarly suppress dcrB single mutant but not yciB single mutant growth defects.
Deletion of lpp or overexpression of Lgt suppressed a dcrB mutant’s sensitivity to growth at low
temperatures. One explanation is that dcrB provides some direct quality control mechanism for lipoprotein
maturation defects which are already prevalent in E. coli when grown at reduced temperatures. This role
may be significant specifically for the enteric class of proteobacteria where both Lpp and DcrB are co140

conserved. While Lpp protects against harmful chemicals encountered in the mammalian gut, it also
imposes a significant burden on envelope biogenesis pathways given its large abundance. Thus, it is
probable enteric bacteria have evolved mechanisms to counteract the potential cytotoxicity of this protein.
The data presented here suggest DcrB to be involved in this process.
Under standard growth temperatures, how is lipoprotein maturation effected in a yciB dcrB double
mutant? One possibility is that deletion of yciB simulates some aspects of bacterial physiology which are
prevalent only when cells are grown at reduced temperatures. This claim is supported by data showing a
yciB mutant is sensitive to vancomycin, an antibiotic which becomes effective in killing Gram-negative
bacteria when grown at reduced temperatures. When grown at low temperatures, E. coli are known to alter
their metabolism, downregulating enzymes involved in glycolysis and shift towards fatty acid consumptive
pathways for energy generation. The genomic proximity and co-occurrence of a gene encoding an acylCoA thioesterase, yciA, known to function in acetate and butyrate production, immediately downstream of
yciB suggests a possible functional relationship between these two genes, perhaps in fatty acid degradative
pathways. Alterations in lipid metabolism may indirectly impact Lgt activity due to its reliance on
phospholipid substrate, which may be affected by such a metabolic alteration. The precise aspects of
cellular physiology that are impacted by YciB in E. coli and related bacteria though remain to be determined
and are a focus of current work.
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4-2 Future Directions
Futures research endeavors aimed at understanding the precise roles of YciB and DcrB at the IM in E. coli
should be guided by the results and discussions presented in this study.
The hypothesis that YciB impacts lipid metabolism in E. coli can be tested through both genetic
and biochemical experimentation. Regarding the mechanism of Cpx regulon activation in a yciB mutant, it
is possible that defects in lipid metabolism would underly this phenotype. Previous works have shown high
acetyl-CoA, a central metabolite in fatty acid synthesis and substrate for glycolytic energy production, may
result in the direct acetylation of the α subunit of the RNA polymerase in E. coli. This in turn directs RNA
polymerase towards increased transcription of cpxP- the reporter used in this study for monitoring Cpx
activation. The hypothesis that increased CpxP transcription is dependent on acetyl-CoA in a yciB mutant
can be tested by overexpression of the deacetylase, CobB, which directly targets acetylated RNA
polymerase. This experiment would clarify the mechanism of Cpx activation in the yciB mutant. Should Cpx
activation be dependent on acetylation, one should aim towards elucidating the underlying basis of this
phenomenon. The work presented in this thesis support that potential high acetyl-CoA levels in a yciB
mutant would not be contributed through the Pta-AckA route by consumption of acetate. Alternatively, high
acetyl-CoA may be produced through the acetyl-CoA synthetase, glucose utilizing, or fatty acid degradative
pathways. The roles of these well-characterized pathways and their contribution to potentially high acetylCoA in a yciB mutant could be parsed out through genetic manipulation. For example, acs, encoding the
acetyl-CoA synthetase could be deleted, or fadR overexpressed. These would effectively repress acetylCoA levels at direct synthesis (acs deletion) or through the fatty acid degradative pathways (fadR deletion).
Deletion of aceE, a component of the pyruvate dehydrogenase complex, would rule out the contribution of
glucose utilizing pathways. A reduction in cpxP transcription by one these deletions would point towards a
specific pathway to probe in the yciB mutant. Alterations in fatty acid metabolism would warrant the use of
mass spectrometry techniques to detect alterations in the status of phospholipids. Testing the hypothesis
that yciB deletion may simulate the physiological status of cells grown at reduced temperatures, a yciB
mutant should be tested for any alterations in the saturation status of fatty acids using gas-chromatography
mass spectrometry. For E. coli grown at reduced temperatures, the abundance of unsaturated fatty acids
is known to increase relative to saturated fatty acids in order to maintain optimal membrane fluidity. Further,
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Fig 4-1. YabI is a multicopy suppressor of yciB deletion phenotypes. (A) Spot assay showing
suppression of yciB dcrB double mutant lethality by DedA-family member YabI. WT (AM1625) and
derivative mutant yciB dcrB harboring plasmids without (AM1627) or with DedA members yabI (AM310),
yqjA (AM1801), or yghB (AM1802). Cells were grown overnight permissively, diluted to OD600 = 1.0, serially
diluted in 10-fold increments, and 4 μL of cells spotted on LB (0% NaCl) agar plates with 100 μg/mL
ampicillin and 1 mM IPTG, which were incubated overnight at 30°C. (B) Spot assay showing YabI
expression suppresses a yciB deletion mutant’s sensitivity to various chemicals. WT (AM301) and
derivative mutants yciB (AM306), yabI (AM303), yciB yabI (AM308), and yciB with vectors carrying either
yciB (AM307) or yabI (AM309). Cells were grown overnight permissively, diluted to OD 600 = 1.0, serially
diluted in 10-fold increments, and 4 μL of cells spotted on LB (1% NaCl) agar plates with 100 μg/mL
ampicillin and 1 mM IPTG, which were incubated overnight at 37°C.
Lgt themostability was shown impacted by derivates of phosphatidylglycerol which contain unsaturated acyl
chains. Such a fatty acid profile may contribute to the impaired Lgt activity in the mutant and help explain
the synthetic interaction with dcrB. Further, it would support a role for YciB in fatty acid metabolism.
Future studies could be aimed at uncovering in more detail the contributions of other small integral
IM proteins towards Gram-negative envelope integrity. Several phenotypic similarities are observed
between a yciB dcrB double mutant and mutants lacking the DedA family of small integral IM proteins. This
includes compromised OM integrity, abrogation of PMF, and dependence on CpxR. These proteins fall in
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to a similar size range as YciB and feature five to six transmembrane helices. The hypothesis that these
proteins carry out functions related to YciB is in part supported by the results we obtained in a preliminary
screen. The results are presented here to inform future studies. Under low osmolarity conditions,
overexpression of the small integral IM protein YabI of the DedA family suppresses yciB dcrB lethality.
Testing whether YabI impacted yciB- or dcrB-related negative growth phenotypes, we overexpressed YabI
in the single mutant backgrounds. We found that YabI was only capable of suppressing yciB deletion
phenotypes, including the sensitivity to vancomycin, SDS-EDTA, and copper. YabI expression did not
restore growth to a dcrB mutant under low temperature, low salt conditions. A yciB yabI double deletion
mutant displayed a marked increase in sensitivity to vancomycin and SDS-EDTA. A yabI single mutant,
however, was not impacted by these chemicals. Collectively these data show that yciB and yabI have
partially overlapping functions and that high level YabI can compensate for defects in envelope integrity
imposed by yciB deletion.
Previous studies have implicated the DedA family as important towards maintaining PMF at the
IM by impacting H+ ion transport, primarily through the synergistic activity of two members, YqjA and
YghB. We do not observe that either of these proteins are capable of suppressing yciB single mutant
growth defects. Thus, it remains unclear whether YabI suppression is mediated through a similar
mechanism or if this protein has evolved its own specialized function separated from other DedA
members which impact IM integrity. Towards understanding what the functions are for YciB and YabI,
some experiments could provide clarification. YabI could be tested for restoration of the PMF defects that
was observed in the yciB single mutant. The results from this experiment may suggest a common role for
the proteins in PMF maintenance. Further, YabI could be tested for reducing a yciB mutant’s Cpx
activation. This may be tied to the hypothesized alterations in the metabolic status of the cell, supporting
the idea that YciB and YabI can carry out similar functions, perhaps in the transport of substrates in
metabolic pathways which impact fatty acid metabolism. The synthetic phenotype of a yciB yabI double
mutant support that endogenous yabI in part compensates the defects associated with a single yciB
deletion, reducing their severity. The yciB yabI double deletion mutant may serve as a more suitable
candidate for screens in the future to identify genetic suppressors that would impact aspects of bacterial
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physiology influenced by these proteins. This thesis establishes a framework that will serve as a guide for
understanding the functions of these small IM proteins.
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APPENDIX A
CHARACTERIZATION OF THE FTSZ C-TERMINAL VARIABLE (CTV) REGION IN Z-RING
ASSEMBLY AND INTERACTION WITH THE Z-RING STABILIZER ZAPD IN E. COLI CYTOKINESIS

The contents of this chapter are adapted from the publication in PloS One titled above

Huang, K.H., Mychack, A., Tchorzewski, L., and Janakiraman, A. “Characterization of the FtsZ CTerminal Variable (CTV) Region in Z-Ring Assembly and Interaction with the Z-Ring Stabilizer ZapD in E.
coli Cytokinesis” (2016) PlosOne 11(4): e0153337
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Abstract
Assembly of a ring-like cytoskeletal organization of the essential protein FtsZ, the Z-ring, at the future site
of division at midcell during cytokinesis is a widely conserved structure in most bacteria. The Z-ring is
composed of short protofilaments of the tubulin-like FtsZ, randomly arranged and bundled through lateral
interactions. In vitro, lateral associations between FtsZ protofilaments are stabilized by crowding agents
(ex. dextran), high concentrations of divalent cations (ex. Mg2+), or in some cases, low pH. In addition, the
last 6 amino acid residues (NRNKRG) at the C-terminus of the B. subtilis FtsZ (the C-terminal variable
region, CTV) have been reported to mediate lateral associations between FtsZ protofilaments through
charge shielding. Several Z-ring stabilizers including FtsA, ZipA and Z-ring associated proteins (Zaps), also
promote lateral interactions between FtsZ protofilaments to stabilize the Z-ring in vivo.
Here, we define the complementary role/s of the CTV of E. coli FtsZ and the Z-ring stabilizing protein
ZapD, in E. coli FtsZ polymer assembly. We show that the net charge of the FtsZ CTV amino acid sequence
not only affects FtsZ protofilament bundling, confirming earlier observations, but also the length of FtsZ
protofilament assmbly in vitro. The CTV residues also play an important role in the interaction with ZapD in
the cell. ZapD requires the FtsZ CTV region for interaction with FtsZ in vitro and for localization to midcell
in vivo. Our data suggest a mechanism in which the CTV residues, particularly K380, assist to form a
conformation for the conserved C-terminal constant region (CTC) in FtsZ that lies immediately N-terminal
to the CTV, to provide optimal contact with ZapD. Consistently, phylogenetic analyses suggest a correlation
between the nature of FtsZ CTV residues and the presence of ZapD in the β- and γ-proteobacterial species.
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Introduction
The overall structure and function of FtsZ
The assembly of the Z-ring, formed from polymerized tubulin-like FtsZ with GTPase activity, at a future
division site is a widely conserved macromolecular complex of bacterial cytokinesis in most species. The
Z-ring functions as a scaffold for the recruitment of other division proteins and likely contributes to a force
for the invagination of the inner cell membrane during bacterial cytokinesis [1,2,3,4,5]. In vitro, GTP-bound
FtsZ molecules assemble into single-stranded protofilaments [6,7,8,9,10]. The FtsZ protofilaments can
assemble with various geometries including bundles, sheets or swirls but the in vivo relevance of these
patterns is not clear [11,12]. Super-resolution microscopy of E. coli cells has revealed the Z-ring to consist
of short, randomly arranged, overlapping FtsZ protofilaments that are held together by lateral interactions
[13,14,15,16].
The FtsZ monomer comprises four domains: an unstructured poorly conserved region of ~10 residues at
the extreme N-terminus end; a highly conserved globular domain containing the GTP binding and hydrolytic
functions; a disordered flexible linker that is variable in length and sequence among species; and the Cterminal conserved peptide (CCTP) domain which contains two regions: a conserved C-terminal constant
region (CTC) and a C-terminal variable region (CTV) (Fig. A-1) [17,18,19].
Figure A-1
A
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Fig. A-1. FtsZ domain structure and FtsZ conserved carboxyl terminal peptide (CCTP) structure
(A) Domain organization of E. coli FtsZ: a 10 amino acids (a.a.) residues at the N-terminal end (squiggly
line), a conserved globular core domain containing the nucleotide binding and hydrolysis residues, a
flexible variable linker about 50 residues long (squiggly line), and a conserved carboxy terminal peptide
(CCTP) which contains both a constant region of ~13 residues (CTC) and a variable region of 4 residues
(CTV).
(B) Structural model of the E.coli FtsZ CCTP residues 367-383 (PDB 1F47) [20]. In an X-ray co-crystal
structure with ZipA, the 17-residue FtsZ CCTP, was solved as an extended β-strand followed by an αhelix. The side-chains of E. coli CTV region a.a. residues are identified in the α-helix as follows, K380
(blue), Q381 (gray), A382 (gray), and D383 (red).
The roles of the CCTP domain in mediating the Z-ring assembly
Previous studies have shown that the globular domain alone is sufficient for assembly of FtsZ
protofilaments in vitro [21,22]. In addition, Several recent works have implicated the flexible linker and FtsZ
CTV sequences to be key determinants of the end-to-end and lateral interactions of FtsZ in vitro suggesting
a role for these regions in the architecture of FtsZ assemblies in the cell [17,18,23]. In E. coli, several known
FtsZ stabilizers interact with the CCTP domain, which serves as a dock for proteins that regulate Z-ring
assembly dynamics. Such proteins include the essential FtsZ membrane tethers such as FtsA and ZipA
and a Z-ring stabilizer, ZapD [24,25,26,27,28,29]. The structure of CCTP bound to ZipA in E. coli and FtsA
in T. maritima have been solved [20,30] . Although the CCTP in each case contains a helical segment
starting at a conserved proline, the extended structures are not identical, suggesting that the CCTP is
capable of acquiring a variety of structures possibly to enable interactions with varied binding partners
[30,31]. Furthermore, the CTC region of the CCTP domain is likely sufficient to interact with FtsA and ZipA
[32]. However, although ZapD has been reported to form dimers, the structure of CCTP bound to ZapD in
E. coli is not available. In addition, whether the CTC region is sufficient to interact with ZapD or not remains
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unknown. Therefore, less is known about the specific contributions of ZapD to Z-ring architecture and
function.
The role/s of the CTV region of E. coli FtsZ.
Towards our long-term goal of characterizing the modulatory roles of the Zap proteins in Z-ring
dynamics, we sought to understand their functional overlap in stabilizing Z-ring assembly in E. coli and
related species. The net-charge of amino acid residues in the FtsZ CTV region has been shown to affect
FtsZ lateral interactions in vitro independent of modulatory proteins [23]. Since the net-charge of the FtsZ
CTV region varies from species to species, we sought to test the hypothesis (first suggested by Buske and
Levin) that modulatory proteins may act by compensating for CTV charge variations via their interactions
with FtsZ CCTP domian. We focused on the Z-ring stabilizer ZapD as prior studies pointed to FtsZ CCTP
to be its binding site [26]. E. coli FtsZ mutants with varying net-charges on their CTV were generated and
assayed for their interactions with ZapD using a variety of methods including yeast-two hybrid (Y2H), cosedimentation assays, bundling, complementation, and in their ability to recruit ZapD to midcell in vivo. Our
results indicate that FtsZ CTV residues, in particular K380, are important for interaction with ZapD. In
addition, the net charge of FtsZ CTV residues not only play a critical role in defining the lateral interaction
potential of FtsZ assembly, confirming an earlier report, but also likely impact the end-to-end associations
of FtsZ monomers in vitro, which may affect cytokinesis efficiency in E. coli.
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Methods and Materials

Cell growth conditions.
All strains and plasmids used in this study are listed on Table A-1 and A-2 (Supplemental
Information). All E.coli strains in this study were grown in Lennox broth (LB) or M9 medium and maintained
on LB agar plates or M9 medium plate with appropriate antibiotics at 30℃ (all ftsZ84 (Ts) strains) or 37℃
(C41/DE3 strains). To prevent toxicity from leaky expression of plasmid-borne proteins, TBZ84 or EC307
strains were grown or maintained in M9-1% glucose medium with appropriate antibiotics at 30℃. EC307
strains carrying plasmid pNG162-ftsZ wild type or CTV mutants (ftsZCTV mutants) and pDSW208-zapD-eyfp
(or pDSW208-eyfp) were utilized for cell growth assay or imaging. MGZ84 strains with plasmid pNG162ftsZ wild type (or ftsZCTV mutants) and/or pDSW208-gfp were utilized for cell growth assay or imaging. The
TBZ84 strains with plasmid pNG162-ftsZ or ftsZCTV mutants and pDSW208-zapD-gfp were utilized for cell
growth assay or imaging. The C41/DE3 strain with pET21b-ftsZ or - ftsZCTV mutants or pET28-his10-smt3zapD was used for expressing FtsZ (or FtsZ CTV mutants) or ZapD in large scale. Antibiotics were applied
at the following concentration: ampicillin, 100 μg/ml; kanamycin, 50μg/ml; spectinomycin, 100 μg/ml or 40
μg/ml. In different assays, 0, 0.015, 0.02, or 1 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) was
applied for expressing FtsZ or ZapD. The two yeast strains, PJ69-4A (a-mating type) and SL3004 (α-mating
type), were maintained in YEPD (1 % yeast extract, 2 % peptone, 2 % glucose) plates or broth at 30℃.
SL3004 strain transformed with one of pDest-GADT7-ftsZCTV variants was grown in YNB-Leucine medium
(broth or agar plate); PJ69-4A strain transformed with pDest-GBKT7-zapD was grown in YNB-Tryptophan
medium. After mating, diploid yeast cells were selected on YNB-Leucine-Tryptophan agar plate.

Transformation of Escherichia coli.
All electrocompetent cells were made from parental strains listed on Table A-1 by washing cells
with distilled deionized water (ddH2O). The procedure is described below. Cells were streaked from frozen
stocks onto LB plate with or without 12.5 μg/ml tetracycline and then grown at either 30 °C (temperature
sensitive strain such as MGZ84, EC307, TBZ84) or 37 °C(DH10B, C41/DE3, MG1655, MC4100) overnight.
Next day, one colony from each strain was re-suspended into 3 mls LB broth at either 30 or 37 °C shaker
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(250-270 rpm) overnight. Next day, 2 mls of cell culture was transferred to 100 mls LB broth and grown at
the appropriate temperature mentioned above until OD600= 0.6. All of the following steps were done on ice
or at 4°C. Cells were first centrifuged at 5,000 rpm (rotor: SS-34) at 4 °C for 10 minutes, the pellet
resuspended in 100 mls ddH2O, and then centrifuged again at the same condition. The cell pellets from the
2nd centrifugation step were washed in 50 mls ddH 2O and then centrifuged again at the same condition.
Cells were washed with 1ml ddH 2O, and spun down at top speed at 4°C for 1 minute. Then cells were
washed with 1ml 10 % glycerol and then spun down again at the same condition. After removing
supernatant, cell pellets were resuspended in 375 μls 10 % glycerol. 35 μls of cell suspensions were
aliquoted in 1.5-ml microcentrifuge tubes, and stored at -80°C.
To generate those bacterial strains (Table A-1) with plasmids that express FtsZ or, an FtsZ CTV
mutant, and/or ZapD, the competent cells made from various E. coli strains were mixed with these plasmids
and then were electrically shocked by E. coli pulser (BioRad) at 1.8 kV/cm (FisherbrandTM 1 mm-gap
electroporation cuvette) or 2.5 kV/cm (FisherbrandTM 2 mm-gap electroporation cuvette). After
transformation, those cells were resuspended in 1ml LB and grown at a 30 °C or 37 °C shaker (250 rpm)
for 40-60 minutes. Cells were spread on the LB plate with appropriate antibiotics and grown at 30 °C
overnight.

Yeast cell transformation and mating.
SL3004 or PJ69-4A strain was re-streaked and grown on YEPD plate (1 % yeast extract, 2 %
peptone, 2 % glucose and 2 % agar) at 30 °C for 2 days. Next day, a yeast colony of either SL3004 or
PJ69-4A was resuspended into 10ml YEPD broth (1 % yeast extract, 2 % peptone, 2 % glucose) at 30 °C
overnight. Next day, an yeast cell culture was grown in 100 mls YEPD at 30 °C for 5.5 hours till a cell density
of OD660= 1.2 was reached. Cells were spun down at 1000 rpm for 5 mins and cell pellets were washed
with 100 mls deionized distilled water, and centrifuged again at 1000 rpm for 5 minutes. Cell pellets were
washed in 1 ml 10 % glycerol and spun down under the same conditions again. Cell pellets were resuspended in 2 mls 10 % glycerol, and 100 μls of cell suspensions were aliquoted in 1.5-ml microcentrifuge
tubes and stored at -80 °C.
To generate yeast strains with pDest-GADT7-FtsZ/FtsZ CTV mutants or pDest-GBKT7-ZapD
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(Table A-1), the yeast competent cells made from SL3004 or PJ69-4A strains were mixed well with 240 μls
of 50 % polyethylene glycol (PEG) 3350, 10 μls of Roche salmon sperm DNA (10 mg/ml), 36 μls of 1 M
Lithium acetate, and 250 ng plasmid DNA by vortexing for several seconds. The yeast cell mixtures were
incubated at 30 °C for 30 minutes and then were heat-shocked at 42 °C for 15 minutes. Then, the cell
mixtures were spun down at 10,000 rpm for 30 seconds. The yeast pellets were re-suspended in 100 μls
of 1X TE buffer. The yeast suspensions were spread on selective media (YNB- leucine or -tryptophan plate)
and grown at 30 °C for 48 hours.
To generate diploid yeast cells for Y2H assays, the SL3004 strain with pDest-GADT7-ftsZ or ftsZCTV
mutant and the PJ69-4A strain with pDest-GBKT7-zapD were patched on overlapping areas on a yeast
extract-peptone-glucose (YEPD) plate. After incubating the YEPD plate at 30 °C for at least 12 hours, the
patched cells were re-streaked on double selective plates (the YNB-leucine-tryptophan medium) and grown
on the same plate at 30 °C for 48 hours.

Plasmid construction.
pNG162-ftsZ or ftsZCTV mutants
Plasmid pNG162 expressing FtsZ wild-type or C-terminal variable region mutant proteins under the
control of the IPTG-inducible promoter was constructed by amplifying ftsZ using the NcoI ftsZ forward
primer and HindIII ftsZ reverse primer (ftsZ, ftsZ△CTV, ftsZDQAD, ftsZKQAK, ftsZDQAK, ftsZAAAA, ftsZQQQQ and
ftsZRQAR) or the NcoI ftsZ forward primer and the SalI EcFtsZ CTVB-pGADC1 Reverse (ftsZNRNKRG) (Table
A-3) from the pET21b(+)-EcftsZ or pET21b(+)-EcftsZNRNKRG plasmid. The PCR product of ftsZ or ftsZCTV
mutants was digested by NcoI and HindIII or SalI, ligated with the same restriction enzyme treated pNG162,
and verified by the Sanger sequence analysis (Genewiz).
pDSW208-zapD-gfp
pDSW208-zapD-eyfp was cloned in a previous study [26]. The pDSW208-zapD-gfp was constructed by
amplifying zapD using the SacI zapD forward primer and SalI-nonstop zapD reverse primer (Table A-3)
from the pDSW208-zapD-eyfp. The amplified zapD was cut by SacI and SalI, ligated with the same
restriction enzyme-treated pDSW208-gfp, and verified by the Sanger sequence analysis (Genewiz).
The pET system
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To generate the plasmid that can be used for expressing FtsZ CTV mutants or ZapD in large scale, the
plasmid pET21b(+) or pET28b-his10x-smt3 was inserted with either ftsZCTV mutants or zapD. Using
EcFtsZ1Fwd-pET21b primer with different FtsZCTV reverse primers (on table A-3), different ftsZCTV variants
were amplified by PCR and the products were digested by NdeI (all ftsZCTV variants) and BamHI (ftsZDQAD,
ftsZDQAK, ftsZKQAK and ftsZAAAA), HindIII (ftsZRQAR and ftsZQQQQ) or SalI (ftsZNRNKRG). Then, those digested
ftsZCTV variant fragments were each cloned into the same sites of pET21b(+) vector (Table A-2). The ZapD
expression clone had been constructed into pET28b-his10-smt3 vector in a previous study [26].
Gateway yeast expression plasmids
Yeast expression plasmids, described as pDest-GADT7-ftsZ or ftsZCTV mutants were cloned by Gateway
recombineering using BP and LR reaction kits (Life Technologies) after PCR amplification with the primer
pairs listed on Table A-3. Briefly, ~150 ng of the ftsZ (or ftsZCTV mutants) PCR product flanked with the attB
sequence was mixed well with 150ng of the donor vector (pDONR223) and the BP clonase TM II enzyme
mix (Life technology) in TE buffer (pH= 8.0). After incubating at 25 ℃ for 1 hour, the enzyme of the reaction
mixture was digested by 1 μl of protease K at 37 ℃ for 10 minutes. After adding appropriate amount ddH2O
into the abovementioned mixture, DH10B cell was transformed with 1 μl of the mixture that contains donor
vector with the PCR product by being electrically-shocked (E.coli transformation). After extracting DNA from
the DH10B by DNA mini-prep kit (Qiagen), the plasmid was digested with EcoRI and XbaI for ensuring that
the PCR product had been inserted into the pDONR223. To generate these plasmid expressing FtsZ or
FtsZCTV mutants in the yeast, 75 ng of the pDONR223-ftsZ (or ftsZCTV mutants) were mixed well with 150
ng of the destination vector (pDest-GADT7), and the LR clonase TM enzyme mix in TE buffer (pH= 8.0).
After being incubated at room temperature for 2 hours, the enzyme in the reaction was also degraded by
treating 1 μl protease K at 37 ℃ for 10 minutes. DH10B competent cells were transformed with the diluted
DNA mixture by electroporation (E. coli transform). The plasmids purified from DH10B cell suspension by
DNA mini-prep kit (Qiagen) were digested with EcoRI and XbaI for ensuring successful recombination
between the donor vectors and the destination vectors. The plasimds carried with the ftsZ (or ftsZCTV
mutants) were also checked by Sanger sequence analysis (Genewiz).

Yeast whole cell protein preparation and western blotting.
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Yeast cell extracts were collected from the diploid yeasts cells carrying pGADT7-ftsZCTV variants (or
vector only) and pGBKT7-zapD by resuspending cell pellets (from 2 mls culture at OD 660= 0.5-0.6) in 60 μls
of 4X loading dyes [200mM Tris-Cl (pH= 6.8), 8% SDS, 40 % glycerol, 0.588 M β-mercaptoethanol, 50 mM
EDTA, 0.008 % bromophenol blue]. These cell extract samples were frozen at -80 °C for 20 minutes and
boiled at 100 °C for 10 minutes. Samples were then sonicated at 30 % amplitude for 15 seconds (1 second
pulse and 3 second off) by sonicator with 1/8” microtip (Fisher scientific). After being boiled at ~100 ℃ for
5 minutes again, protein samples were resolved in 10 % SDS-PAGE. The samples were initially run at
constant voltage of 120 V at 4 ℃ for 15 minutes and then run at constant voltage of 150V at 4℃ for ~ 1
hour. Proteins resolved on the gels were transferred onto nitrocellulose membranes at 20 V for 40 minutes
by electrophoresis. After being blocked with 5 % PBS-buffered milk, nitrocellulose membranes were
incubated with 1:500 diluted α-Gal4-AD polyclonal antibody (Sigma) or 1:1000 diluted α-ZapD polyclonal
antibody (Genescript) in 5% PBS-buffered milk at 4 °C overnight. Next day, after being washed with PBST
(0.05% Tween20) three times at room temperature, the nitrocellulose membranes were incubated with
1:20,000 diluted secondary antibodies (IRDye®800CW goat anti-rabbit IgG) in PBST (0.05% twin 20) at
room temperature for 1 hour. After being washed with PBST three times, signals on the nitrocellulose
membranes were imaged on Odyssey®Clx (Li-cor) and quantified with Image Studio Version 5.0 (Li-cor).

Bioinformatics data collection and analyses.
The FtsZ and/or ZapD homologs sequences from 427 species of α, β, and γ- proteobacteria were
collected

from

NCBI

Microbial

Genomes

(http://www.ncbi.nlm.nih.gov/genomes/MICROBES/microbial_taxtree.html).

The

Resources
complete

genome

sequences from the 427 species in the three classes are available and protein sequences of FtsZ and ZapD
orthologs were aligned with E. coli FtsZ and ZapD sequences, respectively. ZapD homologs from other
species were defined based on three criteria: sequences with more than 80% coverage, 40% similarity and
20% identity with E. coli ZapD. Additionally, the KQAD-like sequences were defined as a K-R-N-Q/Q-N-RK/A-S/D-E-N-Q sequence in which each residue can be replaced with amino acids with similar side-chain
structure as the original amino acid (bold and underline). The FtsZ C-terminal structure was extracted from
(PDB: 1F47) [20] and analyzed with PyMOL software.
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Cell length assays.
After growing each EC307 or TBZ84 (AMZ84) strain expressing FtsZ CTV variants with ZapD or vector
control in 3 mls LB-Amp100-Spect100 broth +0.2 % glucose at 30 ℃ shaker for 18 hours, OD600 was
determined by spectrometer. To establish initial cultures of EC307-derived cells, cell pellets were washed,
re-suspended, and diluted 100-fold in low salt LB-(LBLS) Amp100-Spect50 broth (0.05 % NaCl) (OD600=
0.03). Cells were grown at 30 ℃ for ~1 hour (OD600=~ 0.05). Cultured cells were then shifted to 42 ℃ and
grown for 2~3 hours (OD600=~0.6). To establish initial cultures of TBZ84-derived cells, cell pellets were
washed, re-suspended, and diluted 100-fold in LB-Amp100-Spect100 broth (OD600= 0.05). Cells were grown
at 30 ℃ for 2 hours (OD600= 0.2~0.3). Cell pellets were spun down at room temperature at 10,000 rpm for
1 minute. The Cell pellets were washed, re-suspended, and diluted in no salt LB (LBNS) -Amp100-Spect40
broth (OD600= 0.05). The cells were grown at 42 ℃ for 75 minutes and then treated with 20 μM IPTG for
inducing expression of FtsZ or FtsZCTV mutants in trans for 75 minutes. Cell phenotypes were imaged on
1.5 % agarose pads under 100X oil immersion objective of a Nikon Eclipse Ti microscope (Phase 3). During
imaging, the temperature was maintained at 42 ℃ by a TC-500 temperature controller (20/20 Inc). ObjectJ
was used to measure cell length from those images.

ZapD-localization assays.
TBZ84 strains expressing FtsZCTV variants, and ZapD or vector control were grown in 3ml M9-Amp100Spect50 broth with 1 % glucose at 30 ℃ shaker for 24 hours. An initial TBZ84-derived culture was established
by washing and resuspending cells with M63 medium (0.2% glycerol-Amp100-Spect40; 1:50 dilution) [35].
Cells were grown at 30℃ for 2 hours (OD600= 0.1~0.2). Cell culture were diluted in the same medium
(OD600= 0.05), split into two tubes and grown at 42℃ or 30℃ for 1.5 or 2 hours (OD600= 0.1-0.2). Then, the
TBZ84-derived cells were treated with 1 mM IPTG for expressing FtsZ or FtsZ CTV mutants and ZapD-GFP
at 42 ℃ or 30 ℃ for 1.5 or 2 hours. Cells were imaged on 1.5 % agarose pads under 100 X oil immersion
objective of a Nikon Eclipse Ti microscope (Phase 3 and FITC filter). During imaging, the temperature was
maintained at 42 ℃ or 30 ℃ by TC-500 temperature controller (20/20 Inc). ImageJ was used to observe
ZapD-GFP localization to midcell. The statistical data were collected from three different colonies (each 70-
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200 cell/ colony) per each strain.

Immunofluorescence microscopy.
For immunofluorescence studies, MGZ84 cells carrying pNG162-ftsZ△CTV or -ftsZDQAD were grown in LB
with spectinomycin were sub-cultured to OD600 = ~0.1 in LB in the presence of spectinomycin at 30 °C and
grown till OD600 = ~0.2, at which point cells were shifted to 42 °C in LBNS media with 1 mM IPTG for 3
doublings (~1 hr 15 mins). After adhering cells expressing either △CTV or DQAD on poly-lysine coated
coverslips, these cells were fixed with a fixation solution containing 50 % acetone and 50 % methanol at
room temperature for 5-10 minutes [26,36]. After being washed with PBS three times, the fixed cells were
incubated with anti-FtsZ rabbit polyclonal primary antibody (1:10,000 dilution) (Genscript) at room
temperature for 1 hour. After being washed with PBS, the cells were incubated with a Texas-Red conjugated
anti-rabbit secondary antibody (1:50 dilution) (Genescript) at room temperature for 1 hour. After being
washed with PBS, FtsZ-rings were imaged by under 100 X oil immersion objective of a Nikon Eclipse Ti
microscope (Phase 3 and TRITC filter).

Spot viability assays
After growing MGZ84 or TBZ84 (Ts) strains with pNG162-ftsZ or one of pNG162-ftsZCTV mutants in LB
with appropriate antibiotic at 30 ℃ overnight, an appropriate amount of cell suspension was taken to obtain
a cell density at OD600= 1.0 in LBNS medium. Cells suspensions were serially diluted from 10 -1 to 10-5 or
10-6. 3μls of the MGZ84-derived cell suspension was taken from each dilution and added onto LBNS or
nutrient broth plates with 1mM IPTG and 40 μg/ml spectinomycin. Spectinomycin at 40 μg/ml was used as
MG1655 or MGZ84 strains are more sensitive to spectinomycin in low-osmolarity media (Fig. A-2A). LBNS
with Spectinomycin at 40 μg/ml was bactericidal for cells without pNG162 vector. Cells with the pNG162
vector were able to grow well and express similar amounts of whole cell proteins in LBNS-Spec40 as cells
grown in LBNS without antibiotics (Fig. A-2). The same amount of the TBZ84-derived cell expressing FtsZ
or FtsZCTV mutants and ZapD or vector only was taken from each dilution and added onto M63-Amp100Spec40-0.2% glycerol or no salt LB-Amp100-Spec40 plate. Cells were grown at 42 or 30 ℃ for 20 hours and
their growth patterns imaged.
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Figure A-2
A.

B.

Figure A-2. 40 μg/ml Spectinomycin can be applied to LBNS medium without reducing cell growth
or whole cell protein expression level.
(A) Overnight cultures of MGZ84 cells with or without pDNA were diluted to OD600=1.0, and serially diluted
(from 1:10 to 1:105 ratio). A 3 μl diluted cell suspension from each strain was spotted onto Lennox Broth
no salt (LBNS) plate with 0, 5, 40 or 80 μg/ml spectinomycin and grown at 30 °C overnight.
(B) MGZ84 strains with FtsZCTV variants or empty vector (pNG162) contain similar whole cell proteins
amounts when grown at LBNS with 40 μg/ml spectionymycin as with MGZ84 cells grown at LBNS
without spectinomycin. The protein-transferred nitrocellulose membrane was stained with BLOTFastStain™ kit (G-Bioscience) and served as loading and transfer controls.
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Results

The net charge characteristics of the FtsZ CTV region.
The net-positive charged CTV sequence (NRNKRG) of the B. subtilis FtsZ has been reported to
contribute to the lateral interactions between FtsZ protofilaments in vitro [23]. However, in the absence of
the FtsZ stabilizers or other crowding agents, the net-neutral charged CTV sequence (KQAD) of the E. coli
FtsZ can only formed single-stranded protofliaments [23]. Therefore, whether the net-neutral charged CTV
sequence of the E. coli FtsZ plays a role in mediating FtsZ bundling in vitro and the Z-ring stability in vivo
remains unknown. To address the relevance between the net charge of the FtsZ CTV region and assembly
of FtsZ polymers (with or without ZapD ), we cloned 4 types of FtsZ CTV variants into various vectors for
conducting different experiments in this study: (1) FtsZ lacking CTV region:△CTV; (2) FtsZCTV variants with
the net-neutral charged CTV: AAAA, DQAK QQQQ; (3) FtsZCTV variants with the net-positive charged CTV:
KQAK, RQAR,NRNKRG; (4) FtsZCTV variants with the net-negative charged CTV: DQAD (Fig. A-3). All
results from in vivo and in vitro experiments are shown in the following sections.
Figure A-3

Fig. A-3. The four types of the FtsZCTV variants used in this study.
Schematic of the FtsZCTV mutant constructs used in the study, not drawn to scale. The CTV sequence of
the E. coli FtsZ is a net-neutral charged: KQAD. Based on the CTV sequence characteristics of these
FtsZCTV mutants, they can be classified into 4 groups: 1) an FtsZ CTV mutant lacking the KQAD sequence,
△CTV; 2) FtsZCTV mutants with net-neutral charged sequences, AAAA, DQAK and QQQQ; 3) FtsZ CTV
mutants with net-positive charged sequences, KQAK, RQAR, and NRNKRG; 4) an FtsZ CTV mutant with a
net-negative charged sequence, DQAD. Except for FtsZAAAA (unstable in E. coli), all other FtsZCTV mutants
were stable and used for all in vivo and in vitro assays.
3.4.2. Differential viability of ftsZ84(Ts) cells expressing FtsZCTV variants in trans.

159

To determine whether the net charge characteristics of the FtsZ CTV region affect cell viability or not,
we transformed an ftsZ84 (Ts) strain (MGZ84) with a plasmid bearing FtsZ or different FtsZ CTV variants and
grew those cells at the restrictive temperature (42 °C). At 42 °C, FtsZ84 (Ts) mutant proteins fail to localize
to the division site leading to lethal filamentation [37,38]. LBNS medium and nutrient broth medium were
used since they provides more stringent conditions for controlling the expression levels of ftsZ84 (Ts)
[39,40]. Our results indicate that most FtsZCTV mutants examined here, including E. coli FtsZ with the B.
subtilis NRNKRG CTV region (as shown previously; [23]), restored viability to ftsZ84 (Ts) cells at the
restrictive temperature (Fig. A-4A). A net-negative FtsZCTV variant (DQAD), however, failed to complement
ftsZ84 (Ts) cells under both permissive and non-permissive conditions (Fig A-4A). Intriguingly, in addition
to the DQAD variant, expression of △CTV (FtsZ without the CTV region) severely impaired growth of ftsZ84
(Ts) cells only at the permissive condition (Fig. A-4 A-B). The reduced viability for some CTV variants and
not others was not simply due to changes in stability or expression levels of plasmid-borne FtsZ CTV
variants as they were all expressed within 2-fold of wild-type FtsZ levels in trans (Fig. A-4D). Additionally,
expression of △CTV in the presence of wild-type FtsZ caused similar reduction in cell viability as in ftsZ84
(Ts) cells at the permissive temperature (Fig.A-4B). The DQAD variant was dominant negative under both
permissive and non-permissive conditions in the presence of either wild-type FtsZ or FtsZ84 (Fig 3.4B).
We further probed the reduced viability of △CTV and the DQAD variant by visualizing the localization and
morphologies of the Z-rings by immunofluorescence. Cells expressing the DQAD variant showed stable
protein at levels similar to the other FtsZ variants expressed in trans (Fig. A-4D). Yet Z-rings failed to localize
in these cells under restrictive conditions suggesting that overexpression of DQAD perturbs the
conformation of this variant protein such that it interferes with WT and FtsZ84 localization under both
permissive and non-permissive conditions (Fig. A-4B). △CTV expressed in trans displayed aberrant Z-rings
with significant filamentation under permissive conditions suggesting hyperstable assemblies of FtsZ84
(Fig. A-4C). Conversely, under restrictive conditions, cells expressing the △CTV variant displayed normal
Z-rings without any significant filamentation (Fig. A-4C). Furthermore, increasing salt concentrations at the
restrictive temperature led to reduced viability of ftsZ84 cells expressing △CTV, suggesting that rings
forming under these conditions are hyperstabilized upon increased endogenous expression of ftsZ84,
similar to what is observed under permissive conditions (Fig. A-4B).
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It has been shown that an approximately 2-fold increase in expression of FtsZ84 can rescue the heat
sensitivity of the ftsZ84 (Ts) mutant [39]. Also it has been noted that E. coli FtsZ C-terminal tail mutants that
fail to form rings in an ftsZ depletion strain can assemble rings in the ftsZ84 (Ts) strain, leading to the
suggestion that exogenous production of mutant FtsZ increases the concentration of the total FtsZ, and this
in turn allows incorporation of both FtsZ84 and FtsZ mutants into a mixed ring [32]. The viability defects
and Z-ring morphologies seen upon △CTV overexpression at 30 °C in LB, are consistent with endogenous
FtsZ84 and FtsZCTV variants co-assembling into hybrid ring assemblies that are defective in constriction
(Fig. A-4C). However, similar levels of △CTV variant expression at 42 °C in LBNS, lead to functional Z-ring
assemblies with rings that are morphologically normal (Fig. A-44C and E). These results suggest that Zring assemblies are mostly made up of exogenously expressed FtsZ under stringent expression conditions
(growth in LBNS) at the restrictive temperature. Furthermore, it is likely that the structural conformation of
△CTV is not significantly altered, as cells expressing the △CTV variant under restrictive conditions are
viable. However, our data do not rule out an alternative possibility that under more stringent conditions such
as high temperature and no salt, FtsZ84 polymers are unstable and these can counteract the
hyperstabilizing effects of △CTV but not the more severe effect of the DQAD variant. Expression of all the
other FtsZ variants (DQAK, QQQQ, KQAK, RQAR, and NRNKRG) must not interfere with the essential
activities of endogenous FtsZ84, as their overexpression does not affect the viability of ftsZ84 (Ts) cells
under permissive conditions (Fig. A-4A). In addition, the phenotypes of the cell viability on LBNS plate at
both 30 °C and 42 °C can be also shown on nutrient broth plates at the same temperature though
endogenous ftsZ84 alone cannot support cell growth even at 30 °C (Fig. A-4F). It suggests that the
differential viability of ftsZ84 (Ts) cells expressing FtsZCTV variants was not caused by specific cell signals
that triggered from the nutrient resource (yeast extracts) of the LB-based medium.
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Figure A-4
A.

Fig. A-4(A). Spot viability assay of MGZ84 (Ts) cells expressing FtsZCTV variants.
FtsZCTV variants were expressed from the pNG162 vector in the MGZ84 strain carrying the ftsZ84 (Ts)
allele. Overnight cultures were normalized at OD600=1.0, serially diluted and 3 μl aliquots were spotted on
LBNS (upper) and LB (bottom) agar plates with appropriate antibiotics plus IPTG or not and incubated at
42 °C (upper) and 30 °C (bottom) as described in the material and methods section.
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Figure A-4
B.

Figure A-4 (B). Spot viability assay of - MG1655 and MGZ84 cells expressing FtsZCTV variants.
△CTV or DQAD mutant in the low-copy pNG162 vector was maintained in MG1655 or MGZ84 strain
carrying the ftsZ84 (Ts) allele. Overnight cultures were normalized to OD 600 = 1, serially diluted, and 3 μl
aliquots were spotted on LB or LBNS agar plates with 1 mM IPTG plus appropriate amount of
spectinomycin, and incubated at 30 °C or 42 °C as mentioned in the methods and material. At the
completely permissive condition (30 °C LB; top left), only cells with the endogenous FtsZ or FtsZ84 is able
to support growth. Under fully-restrictive conditions (42°C LBNS; top right), the △CTV mutant is able to
support cell growth as FtsZ. Control plates grown in LBNS at 30°C (left), and grown in LB at 42°C (right)
are shown in the bottom. The △CTV mutant now supports only partial viability of ftsZ84 (Ts) cells at 42°C .
The DQAD mutant is dominant negative under the all growth conditions.
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Figure A-4
C.

Figure A-4(C). Z-ring morphologies of FtsZCTV variants in ftsZ84 (Ts) or MG1655 wild-type strain
FtsZ-ring morphologies as determined by immunofluorescence of MGZ84 cells expressing △CTV or
DQAD mutants in trans at mid-log phase (OD600 = ~0.6) during growth at 30°C LB or 42°C LBNS: (a) ftsZ84
(Ts) cells grown at 30°C in LB; (b) ftsZ84 (Ts) cells grown at 42°C in LBNS; (c) ftsZ84 (Ts) cells expressing
△CTV in trans grown at 30°C in LB; (d) ftsZ84 (Ts) cells expressing △CTV in trans grown at 42°C in LBNS;
and (e) ftsZ84 (Ts) cells expressing DQAD in trans grown at 42°C in LBNS. Both phase and fluorescence
images are shown with arrowheads pointing to FtsZ-rings. Bar = 5 μm.
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D.

E.

Figure A-4(D) (E). Expression levels of FtsZ or FtsZCTV mutants in ftsZ84 (Ts) or MG1655 wild-type
strain
(D) Overnight cultures of MGZ84 strains bearing FtsZCTV variants or empty vector were grown in permissive
conditions and subcultured into LB at 30°C till OD600 = 0.2 - 0.3 at which point an aliquot was washed,
and backdiluted to OD600 = 0.05 in LBNS media and transferred to 42°C. After one doubling (~25-30
mins) at 42°C, 1 mM IPTG was added and cells were grown for an additional two doublings (~1 hour)
at 42°C. Cells were harvested for whole cell protein preparations and sampled at equivalent optical
densities. Protein samples were analyzed by immunoblotting. The σ70 (RpoD) was used as a loading
and transfer control. ImageStudio software was used to quantify band intensities. Three independent
experiments were conducted and a representative blot with the average of the three-experiment relative
intensities is shown.
(E) Overnight cultures of MGZ84 alone or MGZ84 cells bearing FtsZ and △CTV mutant or empty vector
were grown in completely-permissive conditions and subcultured in LB at 30°C till OD600 = ~0.2 at which
point 1 mM IPTG was added and cells were grown for an additional two-doubling time (~70 mins) at
the same temperature. Whole cell protein samples were harvested from each strain and normalized at
equivalent optical densities. Protein samples were analyzed by immunoblotting. σ70 (RpoD) was used
as a loading and transfer control. ImageStudio (LI-COR) software was used to quantify band intensities.
The experiment was repeated three times and a representative blot with relative band intensities of
FtsZ is shown.
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F.

Figure A-4(F). Spot viability assay of the ftsZ84 (Ts) strain expressing FtsZ or FtsZCTV mutants on
the nutrient broth
MGZ84 strain bearing FtsZCTV variants or empty vector were grown in the LB at 30°C overnight. Overnight
cultures, normalized to OD600=1.0, were washed with the nutrient broth, serially diluted in the same
medium and 3-μl aliquots were spotted on nutrient broth agar plates with 1mM IPTG plus 40μg/ml
specitomycin and incubated at 30°C and 42°C.
3.4.3. ftsZ84 (Ts) cells expressing various FtsZCTV variants show differences in cell length.
In the abovementioned complementation assay, all FtsZCTV mutants excluding DQAD can support cell
growth of ftsZ84 (Ts) strain on LBNS or nutrient broth medium at restrictive temperature. Since K380 of the
E.coli FtsZ CTV region has been reported to be involved in interacting with several FtsZ regulators
[25,27,28], expression of an FtsZCTV mutant in ftsZ84 cells at 42°C may affect the regulation of the Z-ring
stability during cytokinesis; therefore, it may alter cytokinetic efficiency of the ftsZ84 cells and further lead
to differences in cell lengths of ftsZ84 cells. To determine whether the FtsZ CTV region affects cytokinesis
efficiency of ftsZ84 strain or not, we grew the MG1655-derived ftsZ84 strains (TBZ84) exogenously
expressing IPTG-inducible FtsZCTV variants under the restrictive condition (LBNS at 42°C), imaged those
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cells at late log-phase on agarose pads, and measured cell lengths of those cells. In addition, to ensure
that cell length differences are a result of FtsZCTV variants that were expressed from IPTG-inducible plasimd,
we also measured cell length of all the TBZ84 strains carrying IPTG-inducible plasmids with ftsZ or ftsZCTV
mutants before being induced with IPTG under the restrictive condition. In the absence of IPTG, all types
of TBZ84 strains (OD600=0.2-0.3) have similar average cell lengths in LB at 30°C (Fig. A-5B and Table A1). In the FtsZCTV variant complementation assay, DQAD failed to support cell growth in ftsZ84 strain (Fig.
A-4). Consistently, TBZ84 cells expressing DQAD in trans under the completely non-permissive condition
have extremely filamentous phenotype (70.6 ± 14.9 μm), confirming that DQAD fails to form functional Zrings in this strain (Fig. A-5A and Table A-1). Furthermore, expressing DQAD in MGZ84 and MG1655 grown
in LB at 30°C interferes with cytokinesis by preventing functional Z-ring formation (Fig. A-4A and C). These
data together implicate that FtsZ with a net-negative charged CTV region may lose the ability to form
functional Z-rings during bacterial cytokinesis.
Expression of all the other FtsZCTV mutants (△CTV, DQAK,QQQQ,KQAK,RQAR, and NRNKRG), like
wild-type FtsZ, fully supports cell growth in ftsZ84 strain at the restrictive temperature (Fig. A-4A). However,
TBZ84 cells expressing △CTV in LBNS at 42°C have an average cell length of 6.0 ± 4.84 μm, which is 2-3
fold longer than the cell lengths of TBZ84 cell expressing wild-type FtsZ (2.6 ± 1.13 μm) or wild-type E. coli
cells (TB28) (2.1 ± 0.67 μm) at the same condition, suggesting that the CTV region play an important role
in cytokinetic efficiency (Fig. A-5A and Table A-1). Interestingly, under the same condition, Cells expressing
FtsZCTV mutants with net-neutral charged CTV regions (DQAK and QQQQ) or with net-positive charged
regions (KQAK, RQAR and NRNKRG) have either similar or shorter average cell lengths with the cells
expressing wild-type FtsZ (Fig. A-5A and Table A-1). In addition, expression levels of all FtsZCTV varaints in
TBZ84 under the same condition are similar, suggesting that different net-charged CTV regions of FtsZ,
and not variability in FtsZCTV mutant expression amounts, lead to differences in cell lengths in TBZ84 strains
(Fig. A-5C).
To exclude that the differential cell-lengths caused by FtsZCTV variants are strain-specific
phenomena, we performed the same experiments in MC4100-derived ftsZ84 (Ts) strain (EC307) [36,41].
Consistent with the phenotype of these TBZ84 strains, EC307 cells expressing different FtsZ CTV variant
proteins display differential phenotypes (Fig. A-6A and Table A-2). Of note, the cell length of EC307 cells
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co-expressing appropriate amount of ZapD with one of FtsZCTV variants are not different from the cell length
of EC307 cells expressing one of FtsZCTV variants alone, suggesting that the differential cell lengths are
resulted from expression of different FtsZCTV variants rather than interaction between FtsZCTV variants and
ZapD (Fig. A-6A and Table A-2)
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Figure A-5
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Figure A-5
C.

Fig. A-5. MG1655-derived cells (TBZ84) expressing similar amounts of different FtsZ CTV variants
show differences in cell lengths.
(A) TBZ84 cells bearing FtsZCTV variants or vector alone (pDSW208) were grown at 30°C in LB with
appropriate antibiotics overnight. Overnight cultures were diluted to OD600=0.03 in 3 ml LB plus
appropriate antibiotic and grown at 30°C shaker for 2 hours. Cells were washed, backdiluted to OD600=
0.05, and grown in LBNS at the 42°C (rolling drum: 36 rpm) for 30 minutes, and induced with 20 μM
IPTG at 42°C (rolling drum: 36 rpm) for 150 minutes. Cells were imaged using a Nikon TiE microscope
on 1.5% agarose pads on glass slides at 42°C. Cell lengths were measured with Object J. Three
colonies from each strain were used to calculate cell length statistics. Bar = 3 μm
(B) TBZ84 cells bearing - FtsZCTV variants or empty vector plus GFP vector (pDSW208) were grown at 30
°C in LB with appropriate antibiotics overnight. The overnight cultured cells were diluted to OD600=0.03
in 3ml LB plus appropriate antibiotic and grown at the 30°C shaker for 2 hours (OD 600=0.2-0.3). Cells
were imaged using a Nikon TiE microscope on 1.5% agarose pads on glass slides at 30°C. Cell length
was measured with Object J. Three colonies from each strain were utilized for the cell length statistics.
Bar = 3 μm Make appropriate changes as shown above
(C) Whole cell proteins were prepared from the cells in (A) and separated on a 10 % SDS-PAGE gel.
Proteins were transferred onto a nitrocellulose membrane and incubated with an α-FtsZ antibody
(1:1000) and probed with an appropriate secondary antibody. ImageStudio (LI-COR) software was used
to quantify band intensities. Optical density (OD600) was used to normalize for FtsZ signal. Of note,
endogenous FtsZ84 amounts in extremely filamentous cells grown for more than ~6 doublingswere
dramatically reduced.
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Table A-1. MG1655-derived ftsZ84 (Ts) strains (TBZ84) expressing different FtsZ CTV variants in trans
display significant difference in cell length but maintain similar cell diameters.
30°C LBd

Strain

42C°C LBNSe

cell length±SDf Cell #

cell length ±SDf

diameter±SDf

Cell #

TB28abg

3.7±0.99

745

2.1±0.67

0.8±0.11

627

TBZ84abg

4.5±1.71

511

75.5±17.4

1.0±0.15

55

TBZ84 with FtsZbcg

3.2±0.88

535

2.6±1.13

0.9±0.14

559

TBZ84 with △CTVbcg

3.6±1.26

396

6.0±4.84

0.9±0.15

414

TBZ84 with DQAKbcg

3.6±1.07

499

3.2±1.84

0.9±0.15

574

TBZ84 with QQQQbcg

3.3±1.11

364

2.4±0.87

0.9±0.14

681

TBZ84 with KQAKbcg

3.3±1.00

476

1.8±0.75

0.9±0.14

620

TBZ84 with RQARbcg

3.3±0.92

598

1.9±0.87

0.9±0.13

590

TBZ84 with NRNKRGbcg

3.0±0.85

567

2.1±0.92

0.9±0.14

514

TBZ84 with DQADbcg

3.5±1.07

419

70.6±14.9

1.0±0.12

55

a Strains

were transformed with pNG162 vector alone

b Strains

were transformed with pDSW208-GFP

c Strains

were transformed with pNG162-FtsZCTV variants

d Cell

length was measure at OD600=0.2 without IPTG induction.

e

Cell length and diameter was measure at OD600=0.5-0.6 with 20μM IPTG induction.

f

Unit:μm

g

Cells were collected from three different colonies.
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Figure A-6
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Figure A-6 (A). Cell morphologies of FtsZCTV variants in MC4100-derived ftsZ84 cells (EC307)
Phase images of EC307 [ftsZ84 (Ts)] cells expressing FtsZ or FtsZ CTV mutants in trans at mid-log phase
(OD600 = ~ 0.6) during growth in low-salt LB (0.05% NaCl) at permissive (30°C) or restrictive temperatures
(42°C) as described in the Materials and Methods section in the main text. Bar = 5 μm. Cell-lengths
measurements for strains assayed in this experiment are reported in Table A-2.
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Figure A-6
B.

Fig. A-6 (B). Expression levels of FtsZCTV variants from these EC307 strains.
Whole cell proteins were prepared from the cells in (A) and separated on a 10 % SDS-PAGE gel. Proteins
were transferred onto a nitrocellulose membrane and incubated with α-FtsZ antibody (1:1000 diluted), αZapD antibody (1:1000 diluted) or α-RpoD antibody (1:1000 diluted) and then probed with an appropriate
secondary antibody. All FtsZCTV variants excluding AAAA are stable in EC307 cells.
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Table A-2. Cell lengths of MC4100-derived ftsZ84 (Ts)b strains (EC307) expressing FtsZ or FtsZ CTV
mutants in trans in the absence or presence of pZapDa at 42 C.
FtsZ/FtsZ CTV

peYFP

Ne

pZapD-eYFP

Ne

mutantc

Average ± SD ( m) d

-

77.0± 18.1

65

78.3 ± 18.8

64

2.3± 1.0

599

2.1 ± 0.9

575

△CTV

5.46± 5.18

348

6.0 ± 4.8

348

DQAK

5.51± 3.96

484

5.0 ± 3.1

399

QQQQ

2.4± 1.1

553

2.1 ± 2.0

619

KQAK

1.8± 0.7

719

1.8 ± 0.5

700

RQAR

1.7± 0.6

653

1.7 ± 0.5

649

NRNKRG

1.8± 0.6

737

1.7 ± 0.5

733

59.9± 18.3

82

54.7 ± 16.7

66

FtsZ

DQAD

Average ± SD ( m) d

a

ZapD was expressed as a ZapD-eYFP fusion off of a IPTG inducible pDSW208 vector backbone.

b

Strain EC307 was used in these experiments as ftsZ84 (Ts) background.

c

FtsZ and FtsZ CTV mutants were expressed off of pNG162 in trans.

d

SD = Standard Deviation.

e

N represents the number of individual cells measured for each strain. In case of filamentous strains,

fewer numbers of cells were present within each field of view.

FtsZ CTV residues contribute to the interaction with ZapD in yeast.
Previous data from our lab indicated that ZapD interacts with the FtsZ CCTP in a PIP (protein-protein
interaction) assay in yeast [26]. Briefly, the PIP assay probes for interactions between two proteins when
one protein is fused to a fluorochrome and another to the retroviral scaffolding protein, μNS, which forms
large focal inclusions in yeast [42]. Interactions between the query protein and a likely binding partner can
be identified by visual screens for fluorescent foci in yeast. Notably, a GFP-ZapD fusion failed to form
fluorescent foci with FtsZ lacking CCTP, but showed interactions with FtsZ residues 374–383 alone
suggesting that FtsZ CCTP was necessary and sufficient for interaction with ZapD in yeast [26].
Furthermore, ZapD failed to bind and bundle FtsZ lacking the last 11 amino acids in a co-sedimentation
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assay in vitro suggesting the requirement of the CCTP sequences in binding ZapD [43].
FtsZ CTV regions are variable in length and sequence among species and consequently vary in their
net-charge [23]. As the net charge of this region has been shown to have a dramatic impact on FtsZ lateral
association potential [23], and ZapD mediates lateral bundling of FtsZ protofilaments, we sought to examine
how the net charge content of the E. coli CTV residues contributes to the interaction with ZapD. To achieve
the abovementioned goal, we performed Y2H cell growth and β-galactosidase assays to examine the
interactions between ZapD and either wild-type FtsZ or the other FtsZCTV mutants. We found that ZapD
interacts with wild-type FtsZ and FtsZCTV net-neutral (AAAA, DQAK or QQQQ) or net-positive (RQAR or
NRNKRG) variants though those FtsZCTV mutants have lower interaction ability with ZapD than wild-type
FtsZ (KQAD sequence on CTV region) (Fig. A-7 and Table A-3). In contrast, ZapD failed to interact with
FtsZ lacking the CTV residues (△CTV), or with FtsZ CTV net-positive variant KQAK or net-negative variant
DQAD (Fig. A-7 and Table A-3). All protein fusions were expressed stably in yeast except the KQAK variant,
suggesting that the lack of interaction of ZapD with FtsZ CTV bearing KQAK residues was likely due to the
instability of the fusion protein in yeast (Fig. A-7B). The protein-protein interaction studies suggest that the
FtsZ CCTP plays a critical role in the interaction with ZapD in E. coli, and that the net-charge content of the
FtsZ CTV residues maybe important for this association.
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Figure A-7
A.

B.

Fig. A-7. A Y2H cell growth assay and expression levels of FtsZCTV variant proteins in yeast.
(A) Diploid yeast cells bearing AD-FtsZCTV variants and BD-ZapD were patched on triple selective medium
with 25 mm 3-AT (YNB-leucine-tryptophan-histidine) and grown at 30°C for 3 days. Growth on His
plates was utilized as a reporter gene. The growth results are consistent with Y2H data shown in Table
A-3. The detail of the procedure was described in the method and material. Red: net-negative
(B) Western blotting was performed for analyzing protein expression levels of AD-FtsZ and BD-ZapD in the
yeast. Except for KQAK, all of FtsZCTV variants or ZapD protein in each yeast strain was stable and
expressed similarly. AD-FtsZCTV variants were detected by anti-Gal4 activation domain antibody at
1:500 dilution (Sigma). Whole cell proteins were used as loading and transfer controls for normalizing
AD-FtsZ and BD-ZapD signals
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Table A-3. A GAL4 BD-ZapDa fusion fails to interact with FtsZ lacking the CTV residues in a yeast twohybrid assay.
_______________________________________________________________________
GAL4 AD fused proteinb

β-galactosidase activityc ± SDe %d of β-gal±SDe

_______________________________________________________________________
_

40.9 ± 22.0

11.5±6.8

FtsZ

355.2 ± 56.9

100.0±16.0

△CTV

48.7 ± 16.7

13.7±4.7

DQAK

170.5 ± 81.7

48.0±23.0

QQQQ

114.9 ± 31.8

32.3±8.9

AAAA

183.89±75.9

51.8±21.4

KQAK

39.5 ± 17.3

11.1±4.9

RQAR

155.1 ± 16.5

43.7±4.7

NRNKRG

105.6 ± 10.4

29.7±2.9

DQAD

50.5 ± 28.5

14.2±8.0

_______________________________________________________________________
a, b BD
c

= DNA binding domain and AD = Activation domain

β galactosidase activity are in Miller units and represent mean activity of 10 independent trials.

d Standard
e

Deviation

The Miller unit resulted from interaction between BD-ZapD and AD-FtsZ

ZapD fails to interact with FtsZ lacking the CTV residues in vitro
To test direct evidence of the interactions between FtsZ and the FtsZ CTV mutants with ZapD in vitro, we
used purified proteins (Fig. A-8G) and conducted co-sedimentation assays. As mentioned earlier, our
results indicate that ZapD fails to bind and bundle FtsZ lacking the CCTP residues suggesting their
importance in mediating the ZapD/FtsZ interaction [48]. Our data indicate that ZapD promotes polymer
assemblies of net-neutral, and specific net-positive FtsZ CTV mutant proteins (KQAK and RQAR) but fails
to enhance polymerization of FtsZ lacking the CTV sequences, FtsZ with a net-negative CTV (DQAD), or
FtsZ containing a B. subtilis CTV sequence (NRNKRG).
When incubated with GTP, 25.5 ± 8% of WT FtsZ and similar amounts of △CTV and other FtsZ CTV
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variants, except the NRNKRG variant were present in the pellet (Fig. A-8A and B). It has been previously
reported that an E. coli FtsZ chimeric construct containing a B. subtilis CTV sequence (NRNKRG) shows
enhanced bundling compared to E. coli FtsZ [23]. In the presence of ZapD, ~2–3 fold increases in amounts
of wild-type FtsZ were noted together with ~55–62% of ZapD recovered in the pellet (Fig. A-8A-C). ZapD
alone was barely detectable after sedimentation in the presence of GTP (Fig. A-8A and C). These data are
consistent with an increase in the sedimentable wild-type FtsZ polymer pellet. However, no significant
changes in pelletable amounts of FtsZ without the CTV region (△CTV) were observed with or without ZapD,
nor did significant amounts of ZapD co-sediment with △CTV (Fig. A-8A-C).
In the presence of ZapD, some net-neutral (DQAK, QQQQ) or net-positive (KQAK, RQAR) FtsZCTV
mutants showed ~2–3 fold increase in pelletable amounts of mutant FtsZ proteins similar to wild-type FtsZ,
consistent with increases in sedimentable FtsZ polymeric assemblies. Additionally, ZapD co-pelleted with
the FtsZ variants in more or less similar amounts in reactions where ZapD and FtsZ were present in
equimolar concentrations (Fig. A-8A-C). As expected, in the presence of GTP, increased amounts of the
NRNKRG mutant was present in the pellet compared to wild-type FtsZ, even at lower concentrations of the
variant protein (Fig. A-8A-F). Addition of ZapD did not increase the fraction of sedimentable NRNKRG
polymers though ZapD is recovered in the pellet in these reactions (Fig. A-8A-F). This suggests that while
ZapD can bind the NRNKRG CTV, it does not result in a functional interaction. Another possibility is that
the ZapD/NRNKRG interaction is non-specific, and the presence of ZapD in the pellet results from crowding
effects of NRNKRG polymeric bundles. In addition, the fraction of sedimentable AAAA polymers (net-neutral
charged) cannot be increased by adding ZapD or co-sedimented with ZapD in the pellet fraction though the
AAAA mutant can interact with ZapD in Y2H assay, confirming that the FtsZ CTV region provides an
important role in a functional FtsZ-ZapD interaction (Fig. A-8A-C). Lastly, an FtsZ variant that carries a netnegative CTV (DQAD) failed to show any significant increases in the sedimentable amounts of the DQAD
mutant in the presence of ZapD nor did ZapD co-pellet in any appreciable amount in these reactions even
at equimolar ratios (Fig. A-8A-C). These results indicate that FtsZ CTV residues make a critical contribution
in ZapD-mediated FtsZ polymerization and are discussed in concert with the TEM results below.
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Figure A-8
A.

Fig.A-8 (A). Co-sedimentation assay of purified FtsZCTV variant proteins with ZapD.
(A) FtsZ and FtsZ CTV mutants (5μM) were incubated alone or combined with purified ZapD at 1:0.2 or
1:1 ratios in a polymerization buffer (50 mM K-MOPS; pH 6.5, 50 mM KCl, 2.5 mM MgCl2, and 1 mM
GTP) containing 3 μM BSA. Reactions were processed as outlined in the Materials and Methods
section in the main text. Equivalent aliquots (5 μl) of pellet (bottom panel) and supernatants (top panel)
were resolved on a 12.5% SDS-PAGE gel and stained with SimplyBlue SafeStain (Invitrogen). A
representative gel image of three independent experiments is shown.
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Figure A-8
B.

C.

Figure A-8 (B) (C). Quantification of pelletable FtsZ CTV variant proteins and ZapD in the cosedmentation assays.
(B) The amounts of FtsZCTV variant proteins present in the pellet fractions in reactions (A) with or without
ZapD were reported as a percentage. The average numbers and standard deviation bars were
calculated and drawn from at least three independent experiments.
(C) The amounts of ZapD protein present in the pellet fractions in reactions (A) with FtsZ CTV variants were
reported as a percentage. The average numbers and standard deviation bars were calculated and
drawn from at least three independent experiments.
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Figure A-8
D.

Figure A-8 (D). Co-sedimentation assay of wild-type FtsZ or NRNKRG variant proteins with ZapD.
(D) FtsZ and NRNKRG (5 or 2.5 μM ) were incubated alone or combined with purified ZapD at 1:0.2 or
1:0.1 ratios in a polymerization buffer (50 mM K-MOPS; pH 6.5, 50 mM KCl, 2.5 mM MgCl2, and 1 mM
GTP) containing 3 μM BSA. Equivalent aliquots (5 μl) of pellet (bottom panel) and supernatants (top
panel) were resolved on a 12.5% SDS-PAGE gel and stained with SimplyBlue SafeStain (Invitrogen).
A representative gel image of three independent experiments is shown.
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Figure A-8
E.

F.

G.

Figure A-8 (E) (F) (G). Quantification of the pelletable FtsZ, or NRNKRG or ZapD in sedimentation
assay and western blotting assay of purified FtsZCTV mutant proteins and ZapD.
(E) The pelleting percentages of FtsZ and NRNKRG were defined from (D). NRNKRG sedimentation was
not enhanced by ZapD. NRNKRG shows higher amounts in pellet than wild-type FtsZ alone.
(F) The pelleting percentage of ZapD co-pelleted with either FtsZ or NRNKRG. Of note, ZapD cannot
enhance sedimentation of 2.5 μM FtsZ. 0.5 μM ZapD in both supernatant and pellet fractions is not
detectable on the gel (D).
(G) Reactions containing a purified FtsZCTV variant (5 μM) and purified ZapD (5 μM) were diluted 100 X,
and then mixed with sample dye and separated on a 12.5 % SDS-PAGE, and western blotting was
performed with an anti-FtsZ and anti-ZapD antibody as mentioned in Figure 3.4 (D).
3.4.6. ZapD does not promote bundling of FtsZ mutants lacking CTV sequences in vitro
In order to ensure whether an increase in sedimentable amounts of FtsZ or FtsZ CTV mutants either alone,
or in the presence of ZapD, corresponds to morphological changes in FtsZ polymeric assemblies, we

184

visualized the products of the polymerization reactions using transmission electron microscopy (TEM). Our
data suggest that CTV residues, particularly K380, play an important role in ZapD mediated FtsZ lateral
bundling. Furthermore, our data extend Buske and Levin’s results by revealing that the net-charge of the
FtsZ CTV not only contributes to the lateral interaction potential of FtsZ but may also enhance longitudinal
interactions within the FtsZ protofilament [23].
We observed that wild-type FtsZ shows typical single protofilaments in the presence of GTP and
polymeric bundles upon addition of ZapD as previously reported in the literature (Fig. A-9) [26]. Previous
studies have shown that no FtsZ protofilaments were observed in the absence of GTP [26]. To visualize the
FtsZ CTV mutants alone or in the presence of ZapD, we used equimolar ratios of ZapD and FtsZ, as the
co-sedimentation profiles of ZapD at lower concentration (1 μM) were not significantly different than those
at higher concentration (5 μM) (Fig. A-9). FtsZ missing the CTV sequences (△CTV) forms single
protofilaments that are slightly shorter than wild-type FtsZ, confirming an earlier observation by Buske and
Levin (Fig A-9 and Fig A-10) [23]. Addition of ZapD fails to promote bundling of △CTV polymers (Fig. A-9
and Fig. A-10). The net-neutral DQAK mutant showed largely single protofilaments similar to wild-type FtsZ,
while the QQQQ mutant displayed modest amounts of lateral bundling on its own, perhaps due to the
tendency of poly-glutamine sequences to aggregate (Fig. A-9). This suggests that a net-neutral FtsZ CTV
retains the ability to maintain a functional interaction with ZapD as in the presence of ZapD, both FtsZ
variants showed significant increases in bundled forms similar to wild-type FtsZ (Fig. A-9). The net-negative
DQAD mutant displayed single protofilaments in the presence of GTP and no detectable changes in
polymerization were observed upon addition of ZapD (Fig. A-9).
An E. coli FtsZ CTV mutant with the net-positive B. subtilis NRNKRG is able to associate laterally to
form filament bundles without the aid of modulatory proteins consistent with a previous report (Fig. A-9)
[23]. However, other net-positive CTV mutants (KQAK and RQAR) form significantly longer protofilaments
compared to wild-tyep FtsZ and only form polymeric assemblies such as rings or bundles in the presence
of ZapD (Fig. A-9 and Fig. A-10). These data show that a net-positive CTV impacts both longitudinal and
lateral interactions of FtsZ assembly, likely depending on the length and residues of CTV, and that the CTV
net-charge alone is not a primary determinant of FtsZ lateral interaction potential. This notion is reinforced
by the observations that the disordered FtsZ linker domain, which is variable in length and amino acid
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content between species, is implicated in FtsZ lateral associations [17].
The in vitro assays indicate that in addition to the native KQAD CTV sequence, ZapD is also able to
interact with net-neutral (DQAK and QQQQ) and net-positive (KQAK, RQAR, and NRNKRG) FtsZ variants
but fails to do so with one that lacks the CTV region or one carrying a net-negative DQAD sequence. These
results suggest that ZapD primarily recognizes the FtsZ CTV region through hydrogen bonding to the
peptide backbone rather than specific amino acids. However, the data also suggest that a basic residue is
preferred at position 380 of FtsZ to enable optimal interactions with ZapD since a K380D mutation leading
to a DQAD sequence significantly reduces the FtsZ/ZapD interactions. This suggests that K380 likely
participates in a charge-mediated interaction, perhaps through the formation of a salt-bridge with a
negatively charged side chain on ZapD. The lysine in a sequence of reverse polarity (DQAK) can perhaps
also contact an acidic residue of ZapD in that region due to the inherently flexible nature of the FtsZ CCTP
[20,30].
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Figure A-9

Figure A-9. Morphologies of polymeric assemblies of FtsZCTV variant proteins.
In vitro reactions containing one of FtsZCTV variants (5μM) alone or combined with purified ZapD at 1:1
ratios in a polymerization buffer (50 mM K-MOPS; pH 6.5, 50 mM KCl, 2.5 mM MgCl2, and 1 mM GTP)
were incubated for 5 mins at room temperature. A 10-μl aliquot of each reaction was placed on carboncoated copper grids (Electron Microscopy Sciences), processed and imaged as described in the material
and methods section of the main text. Negative stained transmission electron microscopy images of FtsZCTV
variants with or without ZapD are shown. Bar = 200 nm.
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Figure A-10
A

B

Fig. A-10 (A) (B). Morphologies and protofilament length measurements of FtsZ, △CTV, KQAK, and
RQAR mutants.
(A) Negative stained transmission electron microscopy images of FtsZ, RQAR, KQAK protofilament
morphologies are shown at a magnification of X 15,000 to enable visualization of protofilament lengths.
The reactions were conducted and imaged as described in Fig. A-9.
(B) The average protofilament length of FtsZ ± standard deviation (217.7 ± 39.2 nm) was compared to
△CTV (204.2 ± 45.5 nm), KQAK (322.8 ± 74.3 nm) and RQAR (402.8 ± 89.6 nm) using a one-way
ANOVA analysis (α = 0.001). FtsZ lacking CTV residues (△CTV) filaments were shorter compared to
WT FtsZ (p < 0.1), and net-positive FtsZ CTV mutants KQAK and RQAR were significantly longer (p <
0.001; **) compared to WT FtsZ protofilaments. Two hundred protofilaments were measured per
FtsZCTV variant in two independent trails. Error bars represent the standard deviation from the mean.
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Figure A-10
C

Figure A-10 (C). Protofilament length distributions of FtsZ, △CTV, KQAK, and RQAR mutants.
The length distributions of FtsZCTV variants protofilaments (5 μM) were measured from electron
micrograph images. The image used for FtsZCTV variant protofilament measurement was chosen from
negative stained transmission electron microscopy images of FtsZ, △CTV, KQAK and RQAR.
K380 of E. coli FtsZ CTV region plays a role in mediating dynamic of FtsZ polymers in vitro
To further confirm whether an electrostatic component contributes to the ZapD/FtsZ interaction or not, we
performed an FtsZ sedimentation assay with or without ZapD in five buffer conditions. Buffer I is the
optimized condition for conducting the FtsZ/ZapD co-sedimentation assay that was mentioned above (Fig.
A-10). Both buffer II and III represent physiological conditions with 200 mM KCl but buffer III contains 10
mM MgCl2 that leads to FtsZ protofilament bundling in vitro [44]. Buffer IV, as a control, contains lower KCl
concentration than physiological condition at pH 7.5. Buffer V, also a control, contains physiological KCl
concentration but at pH 6.5. In the presence of GTP, ZapD-mediated pelletable FtsZ polymer amounts and
co-pelleted ZapD amounts in the two physiological conditions (buffer II and III) are much fewer than the
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FtsZ polymer amounts and the ZapD amounts in the optimized condition (buffer I), respectively. (Fig. A11A-B). In the three buffer conditions with 200 mM KCl (buffer II, III and V), ZapD cannot significantly
enhance FtsZ sedimentations, suggesting that salt-bridge interactions may contribute to functional
ZapD/FtsZ interactions (Fig. A-11A-B). To further confirm whether K380 contributes to the salt-bridge
interaction between ZapD and FtsZ, we also conducted a sedimentation assay with purified △CTV,
DQAD ,and KQAK in the optimized condition and the two physiological conditions. As expected, ZapD can
significantly increase relative pelleting amounts of the KQAK polymer only in buffer condition I but cannot
enhance both △CTV and DQAD polymeric FtsZ sedimentation in all three conditions (Fig. A-11C-E).While
these data are consistent with E. coli FtsZ CTV residues, particularly K380, being an important interacting
residue, it is likely that the CTC region participates in establishing key contacts with ZapD. However, we
cannot exclude the alternative possibility that the FtsZ CTV variants △CTV and DQAD may alter the
structure of the CCTP domain in a manner that precludes ZapD from making critical contacts with the CTC
region.
Several previous studies have shown that physiological salt (KCl) concentration or high
concentration of divalent cation (Mg2+ or Ca2+) can mediate dynamics or bundling of FtsZ protofilaments in
vitro [118]. However, whether the FtsZ CTV region is involved in salt-mediated dynamics or divalent cationmediated bundling of FtsZ protofilaments is unknown. In order to determine whether FtsZ CTV region
mediates dynamics of FtsZ protofilaments, we compared relative pelleting ratios of FtsZ or the three FtsZ CTV
mutants (△CTV, DQAD, and KQAK) by conducting FtsZ sedimentation assays in the buffer I-III. Consistent
with previous studies [119], the average percentage of pelleted WT FtsZ polymers in buffer II (with 200 mM
KCl) is lower than the average percentage of the FtsZ polymers in buffer I (with 50 mM KCl) due to FtsZ
protofilament instability resulting from increased GTP hydrolysis (Fig. 3.11B). Notably, unlike wild-type FtsZ
polymers △CTV or DQAD polymers in buffer II are as stable as polymers in buffer I since the ratio of
pelletable △CTV or DQAD polymers in the two buffer conditions is approximately 1:1 (Fig. A-11C-D).
However, the ratio of sedimented KQAK polymers in buffer II to the polymers in buffer I is 0.4 (Fig. A-11CD). These results suggests that the K380 residue of the FtsZ CTV region likely mediate dynamics of FtsZ
protofilaments under physiological conditions. We also observed that relative amounts of pelletable FtsZ
polymer in buffer III with 10mM MgCl2 are more than the amounts in buffer II with 2.5 mM MgCl2 (Fig. A-
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11D); However, relative pelletable △CTV polymer amounts in between buffer II and III are the same,
implying that the FtsZ CTV region may be involved in Mg 2+-mediated FtsZ bundling (Fig. A-11D). These
data suggest that the net-neutral charged KQAD sequence of E.coli FtsZ CTV region may also play an
important role in salt-mediated dynamics of FtsZ protofilaments and Mg2+-mediated stabilization of FtsZ
polymers in the physiological condition.
Figure A-11
A.

B.

Fig A-11. Sedimentation assay of FtsZ under different conditions.
(A).FtsZ (5 µM) was incubated alone or mixed with purified ZapD at 1:0.2 ratio in the following
polymerization buffers (I: 50 mM K-MOPS pH 6.5, 50 mM KCl, 2.5 mM MgCl2 ; II: 50 mM HEPES-NaOH
pH 7.5, 200 mM KCl, 2.5 mM MgCl2; III: 50 mM HEPES-NaOH pH 7.5, 50 mM KCl, 10 mM MgCl2; IV:
50 mM HEPES-NaOH pH 7.5, 50 mM KCl, 2.5 mM MgCl2 ;V: 50 mM K-MOPS pH 6.5, 200 mM KCl, 2.5
mM MgCl2). All reactions contained 1 mM GTP and 3 µM BSA. Reactions were processed as outlined
in the main text. Equivalent aliquots (5 µl) of pellet (bottom panel) and supernatants (top panel) were
resolved on SDS-PAGE, stained with SimplyBlue SafeStain, and imaged. A representative image of two
independent experiments is shown.
(B) Relative quantification fold of FtsZ present in the pellet without ZapD in each reaction condition is shown.
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In addition, quantification of the ZapD pelleting percentage in each reaction is shown. Buffer
compositions are as described in (A).
Figure A-11
C.

D.

Figure A-11 (C) (D). Sedimentation assay of FtsZ, △CTV, DQAD and KQAK under the different
conditions.
(C) One of the three purified FtsZCTV mutants (5 µM), △CTV, DQAD and KQAK, was mixed with purified
ZapD at 1:0.2 ratio in the following polymerization buffer (I: 50 mM K- MOPS pH 6.5, 50 mM KCl, 2.5
mM MgCl2 ; II: 50 mM HEPES-NaOH pH 7.5, 200 mM KCl, 2.5 mM MgCl2; III: 50 mM HEPES-NaOH
pH 7.5, 50 mM KCl, 10 mM MgCl2). All reactions were performed similar to those described in (A). A
representative image of 2-3 independent experiments is shown.
(D) Relative FtsZCTV variant amounts present in the pellet with or without ZapD in each reaction condition
are shown. The pelletable amount of each FtsZCTV variant in the buffer I is defined as 1X. The
compositions are as described in (C).
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Figure A-11
E.

Figure A-11E. The amount of pelletable ZapD co-sedimented with FtsZ, △CTV, DQAD or KQAK in
vitro
Quantification of the ZapD pelleting percentage in each reaction from (A) and (C) is shown. ZapD was
able to be co-pelleted with wild-type FtsZ and KQAK only under low salt and pH condition (50 mM KCl and
pH= 6.5). Under the high salt conditions (II and III), the amounts of the pelletable ZapD with FtsZ and KQAK
were dramatically reduced.
3.4.8. ZapD fails to localize to midcell in the absence of the FtsZ CTV residues.
ZapD binds FtsZ and accumulates at the midcell division site during the FtsZ-ring assembly and stabilization
steps of E. coli cytokinesis, and likely improves efficiency of bacterial fission. To address the impact of FtsZ
CTV mutants on both cell division and ZapD midcell localization in vivo, we examined both cell
morphologies, and recruitment of a ZapD-GFP fusion to midcell in the presence of either wild-type FtsZ or
various FtsZCTV mutants expressed in trans in an ftsZ84 (Ts) strain grown in M63 medium of low osmolarity
at 42°C. Unlike growing the E. coli cells in “yellow” LBNS medium leading to strong fluorescence
background, ZapD-GFP localization in ftsZ84 strain grown in M63 medium can be imaged with high contrast
under a fluorescence microscope [46,47]. The DQAD mutant was not tested in these assays as it was
dominant negative and failed to localize functional rings as described above. Our results reveal that in M63
medium, cells expressing △CTV, NRNKRG, or DQAK variants showed a mix of filaments and normal length
cells suggesting modest impairment of division though the cells with those FtsZCTV mutantsin did not show
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these phenotype in nutritionally rich LBNS medium (Fig 3.5A, Fig 3.12A and Table A-4) . Additionally, ZapDGFP failed to localize to midcell at appreciable frequencies in the absence of FtsZ CTV residues or in the
presence of the NRNKRG variant. All other CTV variants, namely DQAK, QQQQ, KQAK, and RQAR,
supported ZapD-GFP recruitment to midcell but only to moderate frequencies when compared to the wildtype (KQAD) sequence (Fig 3.12A and Table A-5).
The cell lengths of the various FtsZ CTV mutants expressed in trans in an ftsZ84 (Ts) background grown
in M63 medium at 42°C also displayed considerable variability suggesting that the CTV region has
implications in supporting division in ftsZ84 (Ts) cells at the restrictive temperature (Table A-4). At 42°C, the
net-neutral QQQQ, and the net-positive KQAK and RQAR variants restore division similar to wild-type FtsZ
levels (Fig 3.12A and Table A-4) in M63 medium. However, △CTV, a net-neutral (DQAK) mutant, or a
NRNKRG variant, displayed a mix of filaments and rod-shaped cells under the same growth condition (Fig.
A-12A and Table A-4). Consistent with the cell morphologies, the plate viability of △CTV, DQAK, or
NRNKRG variants on M63 medium also showed reduced growth rate from the viability of wild-type FtsZ or
the other FtsZCTV mutants on the same medium (Fig. A-13). In addition, at 42°C, ftsZ84 cells expressing
the three variants on nutritionally rich medium grew as well as the cells expressing wild-type FtsZ or the
other FtsZCTV mutants did on the same types of medium (Fig. A-4A and F). These results suggest that the
efficiency of cytokinesis as meditated by the FtsZ CTV region may be more susceptible to minimal media
conditions. Since each FtsZ CTV variant was expressed to similar levels as wild-type FtsZ in trans, we
attribute the division defects to not be simply a result of differential protein expression (Fig. A-12B). These
data may refer to the possibility of △CTV, DQAK, or a NRNKRG having altered structural conformations,
which impact interactions with other FtsZ regulators and further influencing cytokinetic efficiency in M63
medium (Fig A-12A and Table A-4).
To determine whether the charge composition or a.a. sequence of the FtsZ CTV region affects
physiological ZapD-FtsZ interactions in vivo, we first confirmed that a ZapD-GFP fusion protein localizes to
midcell at 42°C in ftsZ84 (Ts) cells when wild-type FtsZ is expressed in trans. The fusion protein however
failed to display appreciable amounts of localization in the presence of △CTV indicating an important role
for CTV residues in recruiting ZapD to midcell (Fig. A-12A and Table A-5). Loss of ZapD localization in these
cells is not due to lack of localization of △CTV as immunofluorescence images revealed normal Z-rings at
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42°C (Fig. A-4C). These data are also consistent with a prior study where GFP fused to △CTV displayed
normal Z-rings [27]. Cells expressing the net-positive B. subtilis CTV (NRNKRG) mutant also failed to
accumulate ZapD-GFP at appreciable frequencies at midcell (Fig. A-12A and Table A-5). Although ZapD
was able to bind the FtsZ NRNKRG variant in vitro, it was not able to enhance sedimentable amounts of
the NRNKRG mutant. In toto, these results suggest that the ZapD/NRNKRG binding can be either better
accommodated in vitro or non-specific. It is also conceivable that NRNKRG CTV residues provide lateral
interactions between FtsZNRNKRG protofilaments for stabilizing Z-ring in E. coli or some other FtsZ regulator
binds the NRNKRG variant with greater affinity in the cell thereby outcompeting ZapD localization to midcell.
Net-neutral (DQAK and QQQQ) and other net-positive CTV mutants (KQAK and RQAR) all support
localization of ZapD-GFP to midcell although ZapD-GFP localization frequencies were not as robust as
those in cells expressing wild-type KQAD residues (Fig. A-12A and Table A-8). Differences in ZapD-GFP
localization frequencies were not simply a result of changes in protein levels, due to plasmid-borne
expression of FtsZ or ZapD, since all FtsZ CTV variants were expressed to similar levels as wild-type FtsZ
in trans, and ZapD-GFP levels were also similar amongst the various strains (Fig. A-12B). However, we
cannot exclude the possibility that ZapD recruitment may be sensitive to differences in polymer stability or
bundling of the FtsZ variants in the cell.
Taken together, the in vivo results emphasize the importance of CTV residues in mediating interactions
with ZapD. While K380 in E. coli is a critical interacting residue with multiple FtsZ regulatory proteins, MinC,
SlmA, and ClpX, this study and other work indicate that removal of K380 in the context of removing the
entire CTV, or substitutions with Q (this study), A or M are largely tolerated by the cell [25,27,28]. This
indicates that the lysine is not absolutely necessary but that it plays a critical role, perhaps by forming a
salt-bridge with an acidic residue in ZapD and in facilitating the structural conformation of all the CCTP
residues that contact ZapD
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Figure A-12
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Figure A-12 (A). The FtsZ CTV region is required for localization of ZapD-GFP to midcell.
Overnight cultures of TBZ84 (or AMZ84) cells expressing FtsZCTV variants and a ZapD-GFP fusion in
trans were washed and then cultured in M63 glycerol minimal media in the presence of appropriate
antibiotics at the permissive temperature (30 °C) till OD600 = ~0.2 at which point an aliquot was washed
and backdiluted to OD600 = 0.05 in the same media and transferred to the restrictive temperature (42 °C)
for one doubling (~ 1 hour). Expression of FtsZ and ZapD were induced by addition of 1 mM IPTG and
grown for an additional one-two doublings (~90 mins)(OD600=0.3-0.4) at 42 °C. Fluorescent and bright field
images were obtained as described in the materials and methods section. Arrows indicate that ZapD-GFP
fusion protein localized at midcell. Bar = 3μm.
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Figure A-12
B

Figure A-12 (B). Expression levels of the FtsZCTV variant proteins.
Plasmids pNG162 bearing FtsZCTV variants, and pDSW208 carrying a ZapD-GFP fusion were
expressed in trans in AMZ84 cells and grown in M63 glycerol minimal medium at 30 °C, till OD600 = 0.2 0.3 at which point an aliquot was washed, re-diluted in the same media to OD600 = 0.05 and transferred to
42 °C. After one doubling (~1 hour) at 42 °C, 1 mM IPTG was added and cells were grown for an additional
one-two doublings (~75-90 mins) at the same temperature. Cells were harvested for whole cell protein
preparations and sampled at equivalent optical densities. Protein samples were analyzed by western
blotting. RpoD was used as an internal control. ImageStudio (LI-COR) software was used to quantify band
intensities. Three independent experiments were conducted and a representative blot with relative band
intensities for ZapD-GFP, FtsZ, and FtsZ CTV mutants is shown.
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Table A-4. Cell lengths of strains expressing FtsZ or FtsZ CTV mutants in trans in a ftsZ84 (Ts) strain.
Straina
FtsZ/FtsZ
30 °C
42 °C
CTV
mutantb
Average ± SD

Nd

( m)c

Average ± SD

Nd

( m)c

wild type

FtsZ

2.1 ± 0.6

394

2.8 ± 1.3

448

ftsZ84

-

2.4 ± 0.6

443

18.4 ± 17.4

391

FtsZ

2.1 ± 0.5

365

3.4 ± 1.6

443

△CTV

3.4 ± 1.2

434

7.1 ± 4.1

324

DQAK

2.4 ± 0.6

421

5.6 ± 4.3

369

QQQQ

2.1 ± 0.5

344

3.2 ± 1.3

399

KQAK

1.8 ± 0.4

458

3.4 ± 1.6

449

RQAR

2.0 ± 0.4

435

2.9 ± 1.5

508

NRNKRG

2.0 ± 0.6

497

4.3 ± 2.6

439

a

Strains backgrounds were TB28 and TB28 ftsZ84 (Ts).

b

Plasmids pNG162 bearing FtsZ and FtsZ CTV mutants and pDSW208 carrying a ZapD-GFP fusion were

expressed in trans and grown in minimal M63 with 0.2% glycerol medium at 30 °C, till OD 600 = 0.2 - 0.3 at
which point an aliquot was washed and diluted(OD600=0.05) to 42 °C in the same media. After one doublings
(~1 hour) at 42 °C, 1 mM IPTG was added and cells were grown for 1.5 doubling (~ 75-90mins) at which
point cells were imaged. Cells were also imaged at 30 °C prior to transfer to 42 °C. Cell lengths were
measured as described in the text.
c

SD = Standard Deviation.

d

N represents the number of individual cells measured for each strain. In case of filamentous strains, fewer

numbers of cells were present within each field of view.
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Table A-5. Frequencies of a ZapD-GFP fusion localizing to midcell in ftsZ84 cells under non-permissive
conditions.
Straina

FtsZ/FtsZ

42 °C

CTV
mutantb
Average ± SD

Nd

( )c
wild type

FtsZ

70.0 ± 7.3

572

ftsZ84

-

ND

410

65.1 ± 11.8

679

△CTV

1.1 ± 1.2

421

DQAK

37.8 ± 7.2

362

QQQQ

33.3 ± 4.7

877

KQAK

37.2 ± 5.0

560

RQAR

21.6 ± 6.9

830

ND

620

FtsZ

NRNKRG
a

Strains backgrounds were TB28 and TB28 ftsZ84 (Ts).

b

Plasmids pNG162 bearing FtsZ and FtsZ CTV mutants and pDSW208 carrying a ZapD-GFP fusion

were expressed in trans and grown in minimal M63 glycerol medium at 30 °C, till OD600 = 0.2 - 0.3 at
which point an aliquot was washed, diluted (OD600=0.05) ,and transferred to 42 °C in the same media.
After ~1 doublings (~1 hour) at 42 °C, 1 mM IPTG, was added and cells were grown for 1.5 doubling
(~75-90 mins) at which point cells were imaged.
c

SD = Standard Deviation. Midcell localization of ZapD-GFP was quantified and is reported as an

average ± standard deviation of 3 different colonies. ND = not detectable.
d

N represents the total number of individual cells measured for each strain from three different colonies.

In case of filamentous strains, fewer numbers of cells were present within each field of view.
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Figure A-13

Fig. A-13. Spot viability assay of the cells ectopically expressing FtsZ CTV variants and ZapD on a
M63-0.2% glycerol plate.
Overnight cultures of TBZ84 (or AMZ84) cells expressing FtsZ CTV variants and a ZapD-GFP fusion in
trans were washed and then diluted to OD600=1.0 in 1X M63 salt. The diluted cells were serially diluted from
10-1 to 10-5 for spotting on the M63-0.2% glycerol medium plate with 40 μg/ml spectinomycin and 100 μg/ml
ampicillin from each dilute cell suspension. Plates were incubated at 42 °C overnight. Image the cell growth
pattern by the gel documentation system (Syngene U:Genius3).
The net charge characteristics of the FtsZ CTV region in proteobacteria.
Here, we collected all FtsZ CTV sequences from the 427 α-, β-, and γ-proteobacterial species that were
selected due to the accessibility of their complete genome information. All 427 sequences of the FtsZ CTV
region were classified into three groups based on the net charge characteristics of the FtsZ CTV sequences
(the side chain of the a.a. sequences): net-neutral, net-positive and net-negative. Interestingly, the netneutral or net-positive charged FtsZ CTV sequences are prevalently present in these selected species (Fig.
A-14). Notably, 99% of α-proteobacterial species retain a net-positive charged FtsZ CTV sequences but
null of them retain zapD in their genome (Fig. A-14 and Table A-10). Interestingly, Most β- or γproteobacterial species retain net-neutral charged FtsZ CTV sequences but only 2% of these species in
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the three classes retain net-negative charged FtsZ CTV sequences. These data refer to imply that an FtsZ
ortholog with a net-neutral or net-positive charged CTV sequence may be required for optimizing efficiency
of cytokinesis in proteobacteria species.
Figure A-14

Fig. A-14. The percentages of the different net charges of the FtsZ CTV sequences in the α-, β-, or
γ-proteobacterial sepcies.
At least 427 FtsZ CTV sequences were collected from select species in the three Proteobacterial classes
and then classified into net-neutral (gray), net-positive (blue) or net-negative (red) charge for analysis. The
percentage numbers are shown as the ratio of species that retain the three types of the side-chain net
charges of FtsZ CTV region in their own class or all the three classes of proteobacteria phyla.
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A preliminary phylogenetic analysis of proteobacterial classes revealed that orthologs of zapD are
restricted to the β- and γ-proteobacteria [26]. To explore the possibility that ZapD is restricted to bacterial
phyla where the FtsZ CTV sequences were similar to those of E. coli FtsZ CTV, we analyzed FtsZ CTV
sequences and the presence of ZapD orthologs from 427 select α-, β- and γ-proteobacterial species. Of
these, ~88% γ-species and ~94% of β-species have a net-neutral FtsZ CTV while an overwhelming majority
(≥ 99%) of the α-proteobacterial species contained net-positive CTV amino acid content (Fig. A-3A and
Table A-6A). Based on whether these species retain zapD orthologs in their genome or not, we also
classified all the 427 species into two groups: zapD-present and zapD-absent species (Fig. 3.15). Notably,
orthologs of zapD were present only in β- and γ-species and were predominantly associated with netneutral FtsZ CTV sequences (Table A-6 and FigA-15). Strikingly, only ~2% of the species analyzed
contained net-negative FtsZ CTV sequences in either zapD-present or zapD-absent species and these
were present only in the γ-proteobacterial class (Fig. A-15A and Table A-6A). In addition, by analyzing amino
acid sequences of the FtsZ CTV region present in the 427 species, we divided these species with different
FtsZCTV variants into two groups: KQAD-like and non-KQAD-like group. Criteria for defining as a KQAD-like
sequence of the FtsZ CTV reigon was mentioned in the bioinformatics data collection and analysis of
method and material section. Of the 277 β- and γ-species analyzed, a majority (~86%) contain KQAD-like
sequences in their FtsZ CTV region and of these a majority (~76%) retain a zapD homolog in their genomes
(Table A-6 B). Furthermore, ~ 60% of the species classified into the KQAD-like group retain zapD homologs
but only ~6% of the species in the non-KQAD-like group retain zapD homologs (Fig. A-15B). These results
indicate a correlation between the presence of a net-neutral / KQAD-like FtsZ CTV sequence and presence
of ZapD. While it’s not surprising that species closely related to E. coli have similar FtsZ CTV residues and
retain ZapD, a possible interpretation is that such a CTV region plays a structural role in defining the ZapD
binding site in these species. It is also tempting to speculate that the role of ZapD in bacterial species that
contain KQAD-like and/or mostly net-neutral FtsZ CTV sequences may in part serve to enhance the lateral
interaction potential of FtsZ.
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Figure A-15
A

B

Fig. A-15. Phylogenetic analyses of FtsZ CTV sequences and zapD orthologs in select α-, β- and γproteobacterial classes.
(A) At least 427 select species in the three proteobacterial classes are classified into two groups: ZapDpresent species and ZapD-absent species that are shown as two pie charts. Each pie graph is sliced
into three sectors based on the percentage of species with one of the three different net electric charges
on side chain of FtsZ CTV regions.
(B) Here the 427 select species in the three proteobacterial classes are classified into two groups based
on species with KQAD-like or non-KQAD-like sequence on their FtsZ CTV region. Each pie graph has
two sectors that show percentages of species with or without ZapD orthologs.
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Table A-6. Phylogenetic analysis of the FtsZ CTV region correlated to the presence of zapD orthologs in
proteobacteria. One hundred fifty -, seventy seven -, and two hundreds -proteobacterial species were
analyzed.
A. Presence of zapD orthologs in relation to the net-charge of FtsZ CTV sequences.
Net-Charge of FtsZ CTV sequence
Class zapD
Neutral

Positive

Negative

α

‒

1

149

0

β

+

72

2

0

‒

0

3

0

+

109

1

4

‒

66

15

5

γ

B. Presence of zapD orthologs and nature of FtsZ CTV amino acid residues.
FtsZ CTV Sequence
Class zapD

KQAD-like

Non-KQAD-like

KQAD RQAD Other Total RQNN RQEE/A VPSN KKVK Other Total
Β

Γ

+

66

5

0

71

2

0

1

0

0

3

‒

0

0

0

0

0

0

0

0

3

3

+

80

27

3

110

0

3

0

1

0

4

‒

6

41

9

56

0

1

0

0

29

30
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Discussion
In the present study we sought to define the interaction of the E. coli FtsZ regulatory protein ZapD, with the
FtsZ C-terminal variable (CTV) region. Our results provide insights into two aspects of FtsZ assembly in E.
coli and related bacteria: (i) the role of the FtsZ CTV residues in the interaction with ZapD, and (ii) the role
of the FtsZ CTV on FtsZ-ring assembly and cytokinesis. Our data support a model in which the FtsZ CTV
residues provide an optimal structural conformation that allows ZapD to interact with the FtsZ CCTP.
Although a lysine at position 380 is not absolutely required in vivo, it appears to contribute a critical
electrostatic interaction since ZapD binding to FtsZ is significantly decreased by a K380D substitution in
vitro. The ZapD/FtsZ interactions are somewhat reminiscent of what is seen with ZipA, and the B. subtilis
FtsZ regulator SepF, interactions with FtsZ CCTP [20,24,48]. The ZipA/FtsZ CCTP interaction is
predominantly through hydrophobic interactions and hydrogen bond formation with the peptide backbone
[20,24,48]. The interaction of SepF with FtsZ CCTP is also deemed to be largely through hydrophobic
contacts and recognition of secondary and tertiary structural conformations, rather than specific amino acids
[48]. However, changes in the FtsZ CTV residues, do reduce the SepF/FtsZ interaction suggesting that
CTV residues may provide some additional electrostatic interactions [48]. The FtsZ CTV is also involved in
T. maritima FtsA/CCTP interaction through the formation of a salt bridge with the extreme C-terminal amino
acid residue [30]. Collectively, the data suggest that the CCTP, found at the end of the disordered linker, is
driven towards specific structural conformations in the presence of specific binding partners. It has been
shown that intrinsically disordered regions (IDR) and intrinsically disordered proteins (IDP), common in
eukaryotic cells, have evolved this property to engage multiple binding partners [19,49,50] . We propose
that the ZapD/FtsZ interaction drives the conformation of the FtsZ CCTP in a similar manner and that the
CTV residues play non-specific but essential roles, such as steering or charge stabilization, in this process.
Therefore, FtsZ with a net-neutral charged or KQAD-like sequence on FtsZ CTV region is likely required
for ZapD-mediated Z-ring stabilization (ZapD-dependent) in β- or γ-proteobacterial species (Fig. A-16A);
however, in other species, FtsZ with a net-positive charged or non-KQAD-like sequence on the CTV region
may provide lateral interactions between FtsZ protofilaments by themselves or interacting with other
stabilizers for ZapD-independent Z-ring stabilization (Fig. A-16B). This model suggests that the variety of
FtsZ CTV region might be co-evolved with different strategies of CCTP-mediated lateral interactions
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between FtsZ protofilaments for reaching to an optimized efficiency of bacterial cytokinesis in various
bacterial species (Table A-6, A-10 and A-11).
In addition to a role for FtsZ CTV in the interactions with ZapD, our work extends previous observations
that the net-charge of CTV contributes to not only the lateral interaction potential but perhaps also the
longitudinal associations of FtsZ protofilaments and dynamic of FtsZ polymeric assembly in vitro. While the
CTV residues from B. subtilis lead to enhanced lateral interactions of E. coli FtsZ protofilaments in vitro,
they do not support robust division in E. coli under certain conditions suggesting that B. subtilis CTV
residues cannot always provide the optimal structural definition for interactions with the various binding
partners present in E. coli. Chimeric B. subtilis FtsZ with E. coli CTV residues do not support division in B.
subtilis and it was suggested that this may be due to the loss of lateral interaction potential [23]. But B.
subtilis FtsZ linker mutants, that don’t support FtsZ lateral interaction potential, are still viable for division
[17]. These data suggest that in the cell, in addition to their role in FtsZ assembly dynamics, the FtsZ CTV
region provides a stabilizing structural motif that aids in interactions of multiple binding partners with the
FtsZ CCTP. More detailed information of the precise role(s) of CTV residues in Z-ring assembly and
interactions with FtsZ-regulatory proteins can be obtained from studying FtsZ CTV variants in the
chromosomal context, and by employing structure-function studies of the FtsZ CCTP with different binding
partners, including ZapD.
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Figure A-16
A

B

Figure A-16. Characteristics of FtsZ CTV region sequence are likely correlated with ZapDdependent or ZapD-independent Z-ring stabilization.
(A) A net-neutral-charged or KQAD-like FtsZ CTV amino acid sequence is likely required for ZapDdependent Z-ring stabilization that provides optimal cytokinesis efficiency under certain conditions. A
net-neutral-charged or KQAD-like FtsZ CTV may provide a contact to interact with ZapD and also assist
FtsZ CTC region to form an appropriate structure for interacting with ZapD in most β- or γproteobacteria species.
(B) An FtsZ CTV region within 6-residue net-positive-charged NRNKRG-like or other non-KQAD-like may
contribute to lateral-interaction between FtsZ protofilaments by self-interaction or with assistance of
other stabilizers or mechanisms for Z-ring stabilization in some bacterial species where ZapD is not
present.
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Table A-7. Bacterial and yeast strains used in the study.
Strains and

Source or
Description

plasmids

Reference

E. coli
Laboratory
MG1655

K12 F- λ- ilvG- rfb-50 rph-1
collection
Laboratory

MGZ84

MG1655 leu::Tn10 ftsZ84 (Ts)
collection
F- araD139△lacU169 relA1 rpsL150 thi mot flb5301 deoC7

Laboratory

MC4100
collection

ptsF25 rbsR

Laboratory
EC307

MC4100 leu::Tn10 ftsZ84 (Ts)
collection

C41(DE3)

F- ompT hsdSB (rB- mB-) gal dcm (DE3)

Petra Levin

TB28

MG1655 ΔlacIZYA::frt

TBZ84 (AMZ84)

TB28 leu::Tn10 ftsZ84 (Ts)

KHH70

EC307 pNG162 pDSW208-zapD-eYFP

”

KHH71

EC307 pNG162-ftsZ pDSW208-zapD-eYFP

”

KHH72

C41(DE3) pET28b-his10x-smt3-zapD

”

KHH78

EC307 pNG162-ftsZ△CTV pDSW208-zapD-eYFP

”

KHH80

EC307 pNG162-ftsZ pDSW208-eYFP

”

KHH81

EC307 pNG162-ftsZ△CTV pDSW208-eYFP

”

KHH88

EC307 pNG162 pDSW208-eYFP

”

KHH119

EC307 pNG162-ftsZDQAD pDSW208-zapD-eYFP

”

KHH120

EC307 pNG162-ftsZDQAK pDSW208-zapD-eYFP

”

KHH121

EC307 pNG162-ftsZKQAK pDSW208-zapD-eYFP

”

KHH122

EC307 pNG162-ftsZDQAD pDSW208-eYFP

”

KHH123

EC307 pNG162-ftsZDQAK pDSW208-eYFP

”

[51]
This study
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KHH124

EC307 pNG162-ftsZKQAK pDSW208-eYFP

”

KHH125

EC307 pNG162-ftsZAAAA pDSW208-zapD-eYFP

”

KHH126

EC307 pNG162-ftsZAAAA pDSW208-eYFP

”

KHH169

EC307 pNG162-ftsZQQQQ pDSW208-zapD-eYFP

”

KHH171

EC307 pNG162-ftsZQQQQ pDSW208-eYFP

”

KHH191

EC307 pNG162-ftsZNRNKRG pDSW208-eYFP

”

KHH192

EC307 pNG162-ftsZNRNKRG pDSW208-zapD-eYFP

”

KHH198

EC307 pNG162-ftsZRQAR pDSW208-eYFP

”

KHH199

EC307 pNG162-ftsZRQAR pDSW208-zapD-eYFP

”

KHH208

EC307 pNG162

”

KHH209

MC4100 pNG162

”

KHH216

MG1655 pNG162

”

KHH242

MG1655 pNG162-ftsZ

”

KHH243

MG1655 pNG162-ftsZDQAD

”

KHH317

MG1655 pNG162-ftsZ△CTV

”

KHH351

MGZ84 pNG162-ftsZ

”

KHH352

MGZ84 pNG162-ftsZ△CTV

”

KHH353

MGZ84 pNG162

”

KHH356

MGZ84 pNG162-ftsZDQAD

”

KHH357

MGZ84 pNG162-ftsZDQAK

”

KHH358

MGZ84 pNG162- ftsZQQQQ

”

KHH367

MGZ84 pNG162-ftsZKQAK

”

KHH368

MGZ84 pNG162-ftsZRQAR

”

KHH369

MGZ84 pNG162-ftsZNRNKRG

”

KHH373

TBZ84 pNG162-ftsZ pDSW208-zapD-gfp

”

KHH379

TBZ84 pNG162-ftsZ△CTV pDSW208-zapD-gfp

”

KHH384

TBZ84 pNG162 pDSW208-zapD-gfp

”

KHH389

TBZ84 pNG162-ftsZDQAK pDSW208-zapD-gfp

”
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KHH391

TBZ84 pNG162-ftsZQQQQ pDSW208-zapD-gfp

”

KHH392

TBZ84 pNG162-ftsZKQAK pDSW208-zapD-gfp

”

KHH395

TBZ84 pNG162-ftsZNRNKRG pDSW208-zapD-gfp

”

KHH397

TB28 pNG162-ftsZ pDSW208-zapD-gfp

”

KHH401

TBZ84 pNG162-ftsZRQAR pDSW208-zapD-gfp

”

S. cerevisiae
PJ69-4A

MATa trp1-901 leu2-3,112 ura3-52 his3-200 gal4△gal80△

Beate Schwer

LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ
SL3004

MATα trp1-901 leu2 ura3 his3 gal4 gal80 lys2-801 ade2-101

Sandra Lemmon

KHH-Y27

SL3004 pDEST-GADT7-ftsZ

KHH-Y28

SL3004 pDEST-GADT7-ftsZ△CTV

”

KHH-Y29

SL3004 pDEST-GADT7-ftsZDQAD

”

KHH-Y30

SL3004 pDEST-GADT7-ftsZKQAK

”

KHH-Y31

SL3004 pDEST-GADT7-ftsZQQQQ

”

KHH-Y32

SL3004 pDEST-GADT7-ftsZAAAA

KHH-Y33

SL3004 pDEST-GADT7

”

KHH-Y34

PJ69-4A pDEST-GBKT7-zapD

”

KHH-Y35

PJ69-4A pDEST-GBKT7

”

KHH-Y36

SL3004 pDEST-GADT7-ftsZDQAK

”

KHH-Y56

SL3004 pDEST-GADT7-ftsZRQAR

”

KHH-Y57

SL3004 pDEST-GADT7-ftsZNRNKRG

”

This study

Table A-8. Plasmids used in the study.
Plasmid

Description

Source or Reference

pAM1

pNG162-ftsZRQAR

This study

pAM2

pNG162-ftsZNRNKRG

”

pAM3

pET-21b(+)-ftsZRQAR

”
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pDEST-GADT7

pGADT7 derived vector, attR1 Cmr ccdB attR2

AGSCa

pDEST-GBKT7

pGBKT7 derived vector, attR1 Cmr ccdB attR2

”

pDSW208

[52]

pDest-GADT7-ftsZ

[26]

pET21b(+)

”

pBR322 ori, Ampr

pET-21b(+)-ftsZ△CTV

[23]

pET28b-His10-Smt3

pBR322 ori pT7-his10-smt3, Kanr

S. Shuman

pKHH1

pDEST-GADT7-ftsZ△CTV

This study

pKHH2

pDEST-GADT7-ftsZDQAD

”

pKHH3

pDEST-GADT7-ftsZKQAK

”

pKHH4

pDEST-GADT8-ftsZDQAK

”

pKHH5

pDest-GADT7-ftsZQQQQ

”

pKHH6

pDest-GADT7-ftsZAAAA

”

pKHH7

pET-21b(+)-ftsZDQAD

”

pKHH8

pET-21b(+)-ftsZKQAK

”

pKHH9

pET-21b(+)-ftsZDQAK

”

pKHH10

pET-21b(+)-ftsZAAAA

”

pKHH11

pNG162-ftsZ

”

pKHH12

pNG162-ftsZ△CTV

”

pKHH13

pNG162-ftsZDQAD

”

pKHH14

pNG162-ftsZKQAK

”

pKHH15

pNG162-ftsZDQAK

”

pKHH16

pNG162-ftsZQQQQ

”

pKHH17

pDest-GADT7-ftsZRQAR

”

pKHH18

pDest-GADT7-ftsZNRNKRG

”

pKHH19

pDSW208-zapD-gfp

”

pKHH20

pNG162-ftsZAAAA

”

pLT1

pET-21b(+)-ftsZQQQQ

”
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pPJ2

pET-21b(+)-ftsZ

[23]

pPJ6

pET-21b(+)-ftsZNRNKRG

[23]

pNG162

pSC101, SpecR

[53]

a

Arabidopsis Genetic Stock Center

Table A-9. Primer sequences used in this study.
Name

Sequence (5’-3’)

Site Plasmid

GGGGACAACTTTGTACAAAAAAGTTGGCATGTTTG

pKHH1-6

AACCAA

pKHH-17-18

FtsZ Fwd-GW

GGGGACAACTTTGTACAAGAAAGTTGGTTAACGCA
FtsZ379Rev-GW

pKHH1
GGAATGCTGGGATATCCAG
GGGGACAACTTTGTACAAGAAAGTTGGTTAATCAG

FtsZ383RevK380D-GW

pKHH2
CTTGATCACGCAGGAA
GGGGACAACTTTGTACAAGAAAGTTGGTTACTTAG

FtsZ383RevD383K-GW

pKHH3
CTTGCTTACGCAGGAA

FtsZ383RevK380D D383K-

GGGGACAACTTTGTACAAGAAAGTTGGTTACTTAG

GW

CTTGATCACGCAGGAATGCTGGGATATC

pKHH4

GGGGACAACTTTGTACAAGAAAGTTGGTTATTGTT
FtsZ383RevQQQQ-GW

pKHH5
GTTGTTGACGCAGGAATGCTGGGATATC
GGGGACAACTTTGTACAAGAAAGTTGGTTAACGAG

FtsZ383RevRQAR-GW

pKHH17
CTTGACGACGCAGGAATGC
GGGGACAACTTTGTACAAGAAAGTTGGTTAGCCG

FtsZ383RevNRNKRG-GW

pKHH18
CGTTTATTACGGTTACG
CGCGCGAGCTCAGGAGGAAGGCGATGCAGACCC Sac

ZapD Fwd-pBad33

AJ yacF Rev-nonstop

pKHH19
AGGTCCTTTTTGA

I

AAAAGTCGACGCAACAGGCCAGTTCGAA

SalI pKHH19

CGCGCCCATGGAGGAGGAAGGCGATGTTTGAACC Nco pAM1-2,
FtsZ1Fwd-pNG162
AATGGAA

I
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pKHH11-16

Hin
FtsZ383Rev-pNG162

GCGCGCAGGCTTTTAATCAGCTTGCTTACG

pKHH11
dIII

GCGCGCAAGCTTTTAACGCAGGAATGCTGGGATA Hin
FtsZ379Rev-pNG162

pKHH12
TCCAG

dIII

FtsZ383RevK380D-

GCGCGCAAGCTTTTAATCAGCTTGATCACGCAGGA Hin

pNG162

A

FtsZ383RevD383K-

GCGCGCAAGCTTTTACTTAGCTTGCTTACGCAGGA Hin

pNG162

A

FtsZ383RevK380DD383K-

GCGCGCAAGCTTTTACTTAGCTTGATCACGCAGGA Hin

pNG162

ATGC

FtsZ383RevQQQQ-

GCGCGCAAGCTTTTATTGTTGTTGTTGACGCAGGA Hin pKHH16,

pNG162

ATGCTGGGAT

FtsZ383RevK380RD383R-

GCGCGCAAGCTTTTAACGAGCTTGACGACGCAGG Hin

pNG162

AATGC

FtsZCTVBRev-pNG162

GGCGGTCGACTTAGCCGCGTTTATTACGGTTACG SalI pAM2

pKHH13
dIII

pKHH14
dIII

pKHH15
dIII

dIII pLT1

pAM1, pAM3
dIII

pAM3,
Nde
FtsZ1Fwd-pET21b

GATCGATCCATATGTTTGAACCAATGGAACTT

pKHH7-10,
I
pLT1

FtsZ383RevK380D-

GATCGGATCCTTAATCAGCTTGATCACGCAGGAAT Ba

pET21b

GCTGGGAT

FtsZ383RevD383K-

GATCGGATCCTTACTTAGCTTGCTTACGCAGGAAT Ba

pET21b

GC

FtsZ383RevK380RD383R-

GATCGGATCCTTACTTAGCTTGATCACGCAGGAAT Ba

pET21b

GCTGGGAT

pKHH7
mHI

pKHH8
mHI

pKHH9
mHI

Table A-10. List of selected α-proteobacteria species
Species
Acetobacter pasteurianus

FtsZ CTV
sequence
DSGL
EIPTFLR

FtsZ CTV
sequence
R
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Zap
D
N/A

order
Rhodospirillales

clas
s
α

Gluconobacter oxydans
Acidiphilium multivorum
Acidiphilium cryptum
Gluconacetobacter
diazotrophicus
Gluconacetobacter xylinus
Granulibacter bethesdensis
Magnetospirillum magneticum
Magnetospirillum
gryphiswaldense
Azospirillum lipoferum
Azospirillum brasilense
Rhodospirillum photometricum
Tistrella mobilis
Mesorhizobium australicum
Mesorhizobium ciceri
Mesorhizobium opportunistum
Mesorhizobium loti
Chelativorans sp
Hyphomicrobium nitrativorans
Pelagibacterium halotolerans
Rhodomicrobium vannielii
Agrobacterium fabrum
Agrobacterium tumefaciens
Rhizobium sp
Rhizobium tropici
Rhizobium etli
Rhizobium leguminosarum
Agrobacterium vitis

DSNL
DIPTYLR
EIGI
DIPAFLR
EIGI
DIPAFLR
EVGL
DIPAFLR
DDGL
DIPAFLR
EIGI
DIPAFLR
GEDL
DIPAFLR
GEDL
DIPAFLR
QEEL
DIPAFLR
EEAL
DIPAFLR
EDHL
EIPAFLR
NDLL
EIPAFLR
DDQL
EIPAFLR
DDQL
EIPAFLR
DDQL
EIPAFLR
DDQL
EIPAFLR
DDQL
DIPAFLR
NQAD
EIPVFFR
KEQL
EIPAFLK
DEAI
DIPKFFR
DDQL
EIPAFLR
DDQL
EIPAFLR
DDQL
EIPAFLR
DDQL
EIPAFLR
DDQL
EIPAFLR
DDQL
EIPAFLR
DDQL
EIPAFLR
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R

N/A

Rhodospirillales

α

RQQS

N/A

Rhodospirillales

α

RQQS

N/A

Rhodospirillales

α

RQS

N/A

Rhodospirillales

α

RRSP

N/A

Rhodospirillales

α

RQSS

N/A

Rhodospirillales

α

RQAN

N/A

Rhodospirillales

α

RQAN

N/A

Rhodospirillales

α

RQAN

N/A

Rhodospirillales

α

RQAN

N/A

Rhodospirillales

α

RQAN

N/A

Rhodospirillales

α

RQAN

N/A

Rhodospirillales

α

RQAN

N/A

Rhizobiales

α

RQAN

N/A

Rhizobiales

α

RQAN

N/A

Rhizobiales

α

RQAN

N/A

Rhizobiales

α

RQAN

N/A

Rhizobiales

α

ERGR

N/A

Rhizobiales

α

RHG

N/A

Rhizobiales

α

KPAS

N/A

Rhizobiales

α

RQSN

N/A

Rhizobiales

α

RQSN

N/A

Rhizobiales

α

RQSN

N/A

Rhizobiales

α

RQSN

N/A

Rhizobiales

α

RQSN

N/A

Rhizobiales

α

RQSN

N/A

Rhizobiales

α

RQSN

N/A

Rhizobiales

α

Candidatus Liberibacter
americanus
Liberibacter crescens
Candidatus Liberibacter
solanacearum
Candidatus Liberibacter
asiaticus
Sinorhizobium fredii
Sinorhizobium medicae
Sinorhizobium meliloti
Parvibaculum lavamentivorans
Bradyrhizobium diazoefficiens
Bradyrhizobium oligotrophicum
Rhodopseudomonas palustris
Nitrobacter winogradskyi
Nitrobacter hamburgensis
Bradyrhizobium sp.
Bradyrhizobium japonicum
Oligotropha carboxidovorans
Methylobacterium sp.
Methylobacterium nodulans
Methylobacterium popul
Methylobacterium extorquens
Methylobacterium radiotolerans
Methylocystis sp.
Ochrobactrum anthropi
Brucella microti
Brucella ovis
Brucella melitensis
Brucella ceti

DDIL
EIPAFLR
DDQL
EIPAFLR
KDQL
EIPAFLR
EDKL
EIPAFLR
DDQL
EIPAFLR
DDQL
EIPAFLR
DDQL
EIPAFLR
EEQL
EIPTFLR
DDHL
DIPAFLR
DDHL
DIPAFLR
DDHL
DIPAFLR
DDHL
DIPAFLR
DDHL
DIPAFLR
EAIL
DIPAFLR
EAVL
DIPAFLR
DDHL
DIPAFLR
DDQL
EIPAFLR
DDQL
EIPAFLR
DDQL
EIPAFLR
DDQL
EIPAFLR
DDQL
EIPAFLR
EDHL
EIPAFLR
EDQL
EIPAFLR
EDQL
EIPAFLR
EDQL
EIPAFLR
EDQL
EIPAFLR
EDQL
EIPAFLR
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RQSN

N/A

Rhizobiales

α

RQSS

N/A

Rhizobiales

α

RQSH

N/A

Rhizobiales

α

RQSH

N/A

Rhizobiales

α

RQSN

N/A

Rhizobiales

α

RQSS

N/A

Rhizobiales

α

RQSS

N/A

Rhizobiales

α

RQAN

N/A

Rhizobiales

α

RQAT

N/A

Rhizobiales

α

RQAT

N/A

Rhizobiales

α

RQAK

N/A

Rhizobiales

α

RQAN

N/A

Rhizobiales

α

RQAN

N/A

Rhizobiales

α

RAAN

N/A

Rhizobiales

α

RAAN

N/A

Rhizobiales

α

RQAN

N/A

Rhizobiales

α

RQAN

N/A

Rhizobiales

α

RQAN

N/A

Rhizobiales

α

RQAN

N/A

Rhizobiales

α

RQAN

N/A

Rhizobiales

α

RQAN

N/A

Rhizobiales

α

RQANH

N/A

Rhizobiales

α

RQSN

N/A

Rhizobiales

α

RQSN

N/A

Rhizobiales

α

RQSN

N/A

Rhizobiales

α

RQSN

N/A

Rhizobiales

α

RQSN

N/A

Rhizobiales

α

Brucella pinnipedialis
Brucella suis
Brucella canis
Brucella abortus
Bartonella australis
Bartonella vinsonii
Bartonella clarridgeiae
Bartonella grahamii
Bartonella henselae
Bartonella quintana
Bartonella tribocorum
Bartonella bacilliformis
Beijerinckia indica
Methylocella silvestris
Xanthobacter autotrophicus
Azorhizobium caulinodans
Starkeya novella
Paracoccus aminophilus
Paracoccus denitrificans
Octadecabacter arcticus
Octadecabacter antarcticus
Rhodobacter capsulatus
Rhodobacter sphaeroides
Pseudovibrio sp
Roseobacter litoralis
Roseobacter denitrificans
Jannaschia sp.

EDQL
EIPAFLR
EDQL
EIPAFLR
EDQL
EIPAFLR
EDQL
EIPAFLR
EDQL
EIPAFLR
EDQL
EIPAFLR
EDEL
EIPAFLR
EDQL
EIPAFLR
EDQL
EIPAFLR
EDQL
EIPAFLR
EDQL
EIPAFLR
EDQL
EIPAFLR
EDQL
EIPAFLR
EDQL
EIPAFLR
EDQL
EIPAFLR
DDQL
DIPAFLR
DDHL
DIPAFLR
DDRV
EIPAFLR
GDNV
EIPAFLR
QERI
EIPAFLR
QERI
EIPAFLR
QDRI
EIPAFLR
QERI
EIPAFLR
DDQL
EIPAFLR
QERI
EIPAFLR
QERI
EIPAFLR
QERI
EIPAFLR
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RQSN

N/A

Rhizobiales

α

RQSN

N/A

Rhizobiales

α

RQSN

N/A

Rhizobiales

α

RQSN

N/A

Rhizobiales

α

RQS

N/A

Rhizobiales

α

RQAN

N/A

Rhizobiales

α

RQAH

N/A

Rhizobiales

α

RQAN

N/A

Rhizobiales

α

RQAN

N/A

Rhizobiales

α

RQVN

N/A

Rhizobiales

α

RQVN

N/A

Rhizobiales

α

RQAN

N/A

Rhizobiales

α

RQSS

N/A

Rhizobiales

α

RQSS

N/A

Rhizobiales

α

RQAN

N/A

Rhizobiales

α

RQAN

N/A

Rhizobiales

α

RGG

N/A

Rhizobiales

α

RQAN

N/A

Rhodobacterales

α

RQAN

N/A

Rhodobacterales

α

RQAN

N/A

Rhodobacterales

α

RQAN

N/A

Rhodobacterales

α

RQAN

N/A

Rhodobacterales

α

RQAN

N/A

Rhodobacterales

α

RQAT

N/A

Rhodobacterales

α

RQAN

N/A

Rhodobacterales

α

RQAN

N/A

Rhodobacterales

α

RQAN

N/A

Rhodobacterales

α

Ruegeria sp.
Ruegeria pomeroyi
Phaeobacter inhibens
Phaeobacter gallaeciensis
Leisingera methylohalidivorans
Ketogulonicigenium vulgare
Dinoroseobacter shibae
Hirschia baltica
Hyphomonas neptunium
Maricaulis maris
Sphingomonas sanxanigenens
Sphingopyxis alaskensis
Sphingobium sp.
Sphingobium
chlorophenolicum
Sphingobium japonicum
Novosphingobium sp.
Novosphingobium
aromaticivorans
Sphingomonas sp. MM-1
Sphingomonas wittichii
Zymomonas mobilis
Erythrobacter litoralis
Ehrlichia muris
Ehrlichia canis
Ehrlichia chaffeensis
Ehrlichia ruminantium
Wolbachia sp.
Wolbachia endosymbiont of
Onchocerca ochengi

QERI
EIPAFLR
QERI
EIPAFLR
QERI
EIPAFLR
QERI
EIPAFLR
QERI
EIPAFLR
RERV
EIPAFLR
HEKV
EIPAFLR
EDEL
EIPAFLR
DADL
EIPAFLR
EGDL
EIPAFLR
EGTP
DIPRFLN
GDAV
DIPRFLG
RTDF
DVPRFLN
ASAP
DIPRFLN
APGL
DIPRFLN
SASI
SIPRFLN
GGAL
NIPRFLG
GRGA
DVPRFLN
GDDA
DIPRFLN
RGRV
DIPQFLN
GGAL
NIPRFLG
EESF
NIPTFLR
EESL
NIPTFLR
EESF
NIPTFLR
EDSF
NIPTFLR
SNVY
DIPAYLR
NNIY
DIPAYLR
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RQAN

N/A

Rhodobacterales

α

RQAN

N/A

Rhodobacterales

α

RQAN

N/A

Rhodobacterales

α

RQAN

N/A

Rhodobacterales

α

RQAN

N/A

Rhodobacterales

α

RQAN

N/A

Rhodobacterales

α

RQAN

N/A

Rhodobacterales

α

RSANN

N/A

Rhodobacterales

α

RSANN

N/A

Rhodobacterales

α

RQAN

N/A

Rhodobacterales

α

RQNNQ

N/A

α

RQNNQ

N/A

RQNNQ

N/A

RQSNQ

N/A

RQNNQ

N/A

RQNNQ

N/A

RQNNQ

N/A

RQNNQ

N/A

RQSNQ

N/A

RQGN

N/A

RQNNQ

N/A

KK

N/A

Sphingomonadal
es
Sphingomonadal
es
Sphingomonadal
es
Sphingomonadal
es
Sphingomonadal
es
Sphingomonadal
es
Sphingomonadal
es
Sphingomonadal
es
Sphingomonadal
es
Sphingomonadal
es
Sphingomonadal
es
Rickettsiales

KK

N/A

Rickettsiales

α

KK

N/A

Rickettsiales

α

KK

N/A

Rickettsiales

α

RKK

N/A

Rickettsiales

α

RKK

N/A

Rickettsiales

α

α
α
α
α
α
α
α
α
α
α
α

Wolbachia endosymbiont of
Drosophila simulans
Wolbachia endosymbiont of
Culex quinquefasciatus
Wolbachia endosymbiont of
Drosophila melanogaster
Wolbachia endosymbiont of
Brugia malayi
Neorickettsia risticii
Neorickettsia sennetsu
Anaplasma centrale
Anaplasma phagocytophilum
Anaplasma marginale
Rickettsia helvetica
Rickettsia montanensis
Rickettsia rhipicephali
Rickettsia australis
Rickettsia parkeri
Rickettsia philipii
Rickettsia japonica
Rickettsia slovaca
Rickettsia heilongjiangensis
Candidatus Rickettsia
amblyommii
Rickettsia peacockii
Rickettsia massiliae
Rickettsia africae
Rickettsia felis
Rickettsia akari
Rickettsia sibirica
Rickettsia conorii
Rickettsia rickettsii

SNVY
DIPAYLR
SNVY
DIPAYLR
SNIY
DIPAYLR
SNIY
DIPAYLR
MELL
EIPAFVR
MELL
EIPAFIR
GESF
DVPAFLR
SKSF
DVPAFLR
GESF
DVPAFLR
SDIH
DIPAFLR
SDIH
DIPAFLR
SDIH
DIPAFLR
SDIH
DIPAFLR
SDIH
DIPAFLR
SDIH
DIPAFLR
SDIH
DIPAFLR
SDIH
DIPAFLR
SDIH
DIPAFLR
SDIH
DIPAFLR
SDIH
DIPAFLR
SDIH
DIPAFLR
SDIH
DIPAFLR
SDIH
DIPAFLR
SDIH
DIPAFLR
SDIH
DIPAFLR
SDIH
DIPAFLR
SDIH
DIPAFLR
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RKK

N/A

Rickettsiales

α

RKK

N/A

Rickettsiales

α

RKK

N/A

Rickettsiales

α

RKK

N/A

Rickettsiales

α

RVKKKS

N/A

Rickettsiales

α

RVKKKS

N/A

Rickettsiales

α

KKEKL

N/A

Rickettsiales

α

KK

N/A

Rickettsiales

α

KKEKL

N/A

Rickettsiales

α

KKRD

N/A

Rickettsiales

α

KKRD

N/A

Rickettsiales

α

KKRD

N/A

Rickettsiales

α

KKRD

N/A

Rickettsiales

α

KKRD

N/A

Rickettsiales

α

KQRD

N/A

Rickettsiales

α

KKRD

N/A

Rickettsiales

α

KKRD

N/A

Rickettsiales

α

KKRD

N/A

Rickettsiales

α

QKQD

N/A

Rickettsiales

α

KKRD

N/A

Rickettsiales

α

KKRD

N/A

Rickettsiales

α

KKRD

N/A

Rickettsiales

α

KKRD

N/A

Rickettsiales

α

KKRDEIRK

N/A

Rickettsiales

α

KKRD

N/A

Rickettsiales

α

KKRD

N/A

Rickettsiales

α

KQRD

N/A

Rickettsiales

α

Rickettsia typhi
Rickettsia prowazekki
Rickettsia canadensis
Rickettsia bellii
Orientia tsutsugamushi
Candidatus Midichloria
mitochondrii
Asticcacaulis excentricus
Brevundimonas subvibrioides
Caulobacter sp. K31
Caulobacter segnis
Caulobacter crescentus
Phenylobacterium zucineum
Parvularcula bermudensis
Magnetococcus

SDIH
DIPAFLR
SDIH
DIPAFLR
SDIH
DIPAFLR
SDIH
DIPAFLR
GNIY
EIPTFLR
DNLF
EIPTFLR
EDDL
EIPSFLR
EDDL
EIPSFLR
GEDL
EIPSFLR
GEDL
EIPSFLR
AEDL
EIPSFLR
AEDL
EIPSFLR
EEDL
DIPAFLR
HEDF
DVPTFLR

KKRD

N/A

Rickettsiales

α

KKRD

N/A

Rickettsiales

α

KKRH

N/A

Rickettsiales

α

KKRH

N/A

Rickettsiales

α

KNKK

N/A

Rickettsiales

α

KKSNK

N/A

Rickettsiales

α

RLAN

N/A

Caulobacterales

α

RLAN

N/A

Caulobacterales

α

RLAN

N/A

Caulobacterales

α

RLAN

N/A

Caulobacterales

α

RLAN

N/A

Caulobacterales

α

RLAN

N/A

Caulobacterales

α

KQAQK

N/A

Parvularculales

α

RQMD

N/A

Magnetococcales

α

Table A-11. List of selected β- and γ-proteobacteria species
Species

FtsZ CTT
sequence

FtsZ CTV sequence

Candidatus
Symbiobacter
mobilis
Comamonas
testosteroni
Alicycliphilus
denitrificans
Variovorax
paradoxus
Delftia acidovorans

SDDL
STPACLR
MDDV
EIPAFLR
MDEL
EIPAFLR
MDDF
EIPAFLR
MDDL
EIPAFLR
MDDL
EIPAFLR
MDEL
EIPAFLR
MDDL
EIPAFLR
MDDF
EIPAFLR
MDDA
DIPAYLR

Acidovorax citrulli
Acidovorax ebreus
Acidovorax avenae
Polaromonas
naphthalenivorans
Verminephrobacter
eiseniae

a

order

clas
s

VPSN

ZapD(%
homolo
gy)
50%

Burkholderiales

β

KQAD

53%

Burkholderiales

β

KQAD

54%

Burkholderiales

β

RQAD

55%

Burkholderiales

β

KQAD

54%

Burkholderiales

β

KQAD

55%

Burkholderiales

β

KQAD

54%

Burkholderiales

β

KQAD

55%

Burkholderiales

β

RQAD

57%

Burkholderiales

β

KQAD

56%

Burkholderiales

β
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Ramlibacter
tataouinensis
Albidiferax
ferrireducens
Pandoraea
pnomenusa
Burkholderia
cepacia
Burkholderia
vietnamiensis
Burkholderia
ambifaria
Burkholderia
multivorans
Burkholderia
cenocepacia
Burkholderia
phenoliruptrix
Burkholderia
gladioli
Burkholderia
rhizoxinica
Burkholderia
phytofirmans
Burkholderia
phymatum
Pandoraea sp
Cupriavidus
necator
Cupriavidus
taiwanensis
Cupriavidus
metallidurans
Cupriavidus
pinatubonensis
Ralstonia pickettii
Ralstonia
solanacearum
Polynucleobacter
necessarius
Burkholderia
xenovorans
Burkholderia
glumae
Burkholderia
thailandensis
Burkholderia mallei
Burkholderia
pseudomallei
Thiomonas
intermedia

MDDF
EIPAFLR
MDDF
EIPAFLR
VDTY
DIPAFLR
VDTY
DIPAFLR
VDTY
DIPAFLR
VDTY
DIPAFLR
VDTY
DIPAFLR
VDTY
DIPAFLR
VDTY
DIPAFLR
VDTY
DIPAFLR
VDTY
DIPAFLR
VDTY
DIPAFLR
VDTY
DIPAFLR
VDTY
DIPAFLR
VDTY
DIPAFLR
VDTY
DIPAFLR
VDTY
DIPAFLR
VDTY
DIPAFLR
VDTY
DIPAFLR
VDTY
DIPAFLR
TDYY
EIPAFLR
VDTY
DIPAFLR
VDTY
DIPAFLR
VDTY
DIPAFLR
VDTY
DIPAFLR
VDTY
DIPAFLR
MEEM
EIPAFLR

KQAD

57%

Burkholderiales

β

KQAD

54%

Burkholderiales

β

KQAD

54%

Burkholderiales

β

KQAD

53%

Burkholderiales

β

KQAD

53%

Burkholderiales

β

KQAD

53%

Burkholderiales

β

KQAD

54%

Burkholderiales

β

KQAD

53%

Burkholderiales

β

KQAD

55%

Burkholderiales

β

KQAD

53%

Burkholderiales

β

KQAD

53%

Burkholderiales

β

KQAD

55%

Burkholderiales

β

KQAD

54%

Burkholderiales

β

KQAD

54%

Burkholderiales

β

KQAD

52%

Burkholderiales

β

KQAD

52%

Burkholderiales

β

KQAD

49%

Burkholderiales

β

KQAD

53%

Burkholderiales

β

KQAD

52%

Burkholderiales

β

KQAD

53%

Burkholderiales

β

KQAD

50%

Burkholderiales

β

KQAD

55%

Burkholderiales

β

KQAD

54%

Burkholderiales

β

KQAD

54%

Burkholderiales

β

KQAD

53%

Burkholderiales

β

KQAD

54%

Burkholderiales

β

KQAD

56%

Burkholderiales

β
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Rubrivivax
gelatinosus
Leptothrix
cholodnii
Methylibium
petroleiphilum
Bordetella petrii
Bordetella avium
Bordetella
pertussis
Bordetella
parapertussis
Bordetella
bronchiseptica
Pusillimonas
noertemannii
Advenella
kashmirensis
Advenella
mimigardefordensi
s
Achromobacter
xylosoxidans
Taylorella
asinigenitalis
Taylorella
equigenitalis
Janthinobacterium
sp. Marseille
Herbaspirillum
seropedicae
Collimonas
fungivorans
Herminiimonas
arsenicoxydans
Dechloromonas
aromatica
Azoarcus sp
Azospira oryzae
Aromatoleum
aromaticum
Nitrosospira
multiformis
Nitrosomonas sp
Nitrosomonas
eutropha
Nitrosomonas
europaea
Chromobacterium
violaceum

MDEI
EIPAFLR
MEEI
EIPAFLR
MDEI
EIPAFLR
MDHF
DIPAFLR
MDHF
DIPAFLR
MDHF
DIPAFLR
MDHF
DIPAFLR
MDHF
DIPAFLR
MDHF
DIPAFLR
VERF
DIPAFLR
MDHF
DIPAFLR

KQAD

55%

Burkholderiales

β

KQAD

53%

Burkholderiales

β

KQAD

56%

Burkholderiales

β

KQAD

54%

Burkholderiales

β

KQAD

54%

Burkholderiales

β

KQAD

54%

Burkholderiales

β

KQAD

55%

Burkholderiales

β

KQAD

55%

Burkholderiales

β

KQAD

55%

Burkholderiales

β

KQAD

54%

Burkholderiales

β

KQAD

51%

Burkholderiales

β

MDHF
DIPAFLR
SDNR
DVPAYLR
SDNR
DVPAYLR
METY
DIPAFLR
METY
DIPAFLR
METY
DIPAFLR
METY
DIPAFLR
VDRY
DIPAFLR
MGTY
DIPAFLR
VDRY
DIPAFLR
MGTY
DIPAFLR
VDIL
DIPAFLR
VDPM
DIPAFLR
MDPM
DIPAFLR
MDPM
DIPAFLR
SESY
DIPAFLR

KQAD

53%

Burkholderiales

β

RQNN

52%

Burkholderiales

β

RQNN

51%

Burkholderiales

β

KQAD

52%

Burkholderiales

β

KQAD

52%

Burkholderiales

β

KQAD

53%

Burkholderiales

β

KQAD

51%

Burkholderiales

β

KQAD

56%

Rhodocyclaceae

β

KQAD

57%

Rhodocyclaceae

β

KQAD

55%

Rhodocyclaceae

β

KQAD

57%

Rhodocyclaceae

β

KQAD

53%

β

RQAD

55%

KQAD

54%

RQAD

54%

KQAD

51%

Nitrosomonadal
es
Nitrosomonadal
es
Nitrosomonadal
es
Nitrosomonadal
es
Neisseriaceae
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β
β
β
β

Pseudogulbenkiani
a sp.
Neisseria lactamica
Neisseria
gonorrhoeae
Neisseria
meningitidis
Laribacter
hongkongensis
Sulfuricella
denitrificans
Thiobacillus
denitrificans
Methylotenera
versatilis
Methylotenera
mobilis
Methylovorus
glucosetrophus
Methylobacillus
flagellatus
Gallionella
capsiferriformans
Sideroxydans
lithotrophicus
Aeromonas veronii
Aeromonas
hydrophila
Aeromonas
salmonicida
Oceanimonas sp
Tolumonas auensis
Pseudoalteromona
s haloplanktis
Pseudoalteromona
s atlantica
Shewanella
halifaxensis
Shewanella
sediminis
Shewanella
piezotolerans
Shewanella woodyi
Shewanella
pealeana
Shewanella
violacea
Shewanella loihica

SESY
DIPAFLR
LDDF
EIPAILR
LDDF
EIPAILR
LDDF
EIPAILR
MENY
DIPAFLR
VELL
DIPAFLR
IDTL
DIPAFLR
VEEY
DIPAFLR
VEEY
DIPAFLR
VEEY
DIPAFLR
VEEY
DIPAFLR
VETY
DIPSFLR
VDPL
DIPSFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
LDYL
DIPAFLR
PDYL
DIPAFLR
GDYF
DIPAFLR
LEYL
DIPAFLR
LDYL
DIPAFLR
ADYL
DIPAFLR
LDYL
DIPAFLR
ADYL
DIPAFLR
LDYL
DIPAFLR
TDYL
DIPAFLR
LDYL
DIPAFLR

KQAD

51%

Neisseriaceae

β

RQHNSDK

N/A

Neisseriaceae

β

RQHNSDK

N/A

Neisseriaceae

β

RQHNSDK

N/A

Neisseriaceae

β

KQAD

53%

Neisseriaceae

β

KQAD

54%

β

RQAD

52%

KQAD

56%

Hydrogenophila
ceae
Hydrogenophila
ceae
Methylophilales

KQAD

56%

Methylophilales

β

KQAD

54%

Methylophilales

β

KQAD

54%

Methylophilales

β

KQAD

57%

Gallionellaceae

β

KQAD

57%

Gallionellaceae

β

KQAD

63%

Aeromonadales

γ

KQAD

64%

Aeromonadales

γ

KQAD

63%

Aeromonadales

γ

KQAD

62%

Aeromonadales

γ

KQAD

N/A

Aeromonadales

γ

KQAD

N/A

γ

KQAD

62%

KQAD

58%

KQAD

55%

KQAD

58%

KQAD

57%

KQAD

58%

KQAD

57%

KQAD

56%

Alteromonadale
s
Alteromonadale
s
Alteromonadale
s
Alteromonadale
s
Alteromonadale
s
Alteromonadale
s
Alteromonadale
s
Alteromonadale
s
Alteromonadale
s
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β
β

γ
γ
γ
γ
γ
γ
γ
γ

Shewanella
frigidimarina
Shewanella
dentrificans
Shewanella
amazonensis
Shewanella
oneidensis
Shewanella
putrefaciens
Shewanella baltica
Glaciecola
psychrophila
Saccharophagus
degradans
Alteromonas
macleodii
Glaciecola
nitratireducens
Marinobacter
adhaerens
Marinobacter
hydrocarbonoclasti
cus
Psychromonas
ingrahamii
Ferrimonas
balearica
Idiomarina
loihiensis
Colwellia
psychrerythraea
Teredinibacter
turnerae
Enterobacter
lignolyticus
Enterobacter
asburiae
Enterobacter
cloacae
Serratia fonticola
Serratia
liquefaciens
Cronobacter
turicensis
Cronobacter
sakazakii
Yersinia
enterocolitica
Yersinia
pseudotuberculosi
s

ADYL
DIPAFLR
GDYL
DIPAFLR
LDYL
DIPAFLR
LDYL
DIPAFLR
LDYL
DIPAFLR
LDYL
DIPAFLR
LEYL
DIPAFLR
MEYL
DIPAFLR
LEYL
DIPAFLR
LEYL
DIPAFLR
VDYL
DIPAFLR
VDYL
DIPAFLR

KQAD

56%

KQAD

57%

KQAD

58%

KQAD

56%

KQAD

55%

KQAD

56%

KQAD

56%

KQAD

N/A

KQAD

57%

KQAD

55%

RQAD

N/A

RQAD

N/A

GNYL
DIPAFLR
DNYL
DIPAFLR
LDYL
DIPAFLR
DTYL
DIPAFLR
LEYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR

KQAD

56%

RQAD

60%

KQVD

57%

KQAD

60%

RQVD

N/A

KQAD

89%

KQAD

90%

KQAD

91%

KQAD

81%

KQAD

81%

KQAD

86%

KQAD

86%

KQAD

80%

KQAD

81%
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Alteromonadale
s
Alteromonadale
s
Alteromonadale
s
Alteromonadale
s
Alteromonadale
s
Alteromonadale
s
Alteromonadale
s
Alteromonadale
s
Alteromonadale
s
Alteromonadale
s
Alteromonadale
s
Alteromonadale
s

γ

Alteromonadale
s
Alteromonadale
s
Alteromonadale
s
Alteromonadale
s
Alteromonadale
s
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae

γ

γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ

γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ

Yersinia pesti
Candidatus
Blochmannia
chromaiodes
Candidatus
Blochmannia vafer
Candidatus
Blochmannia
pennsylvanicus
Candidatus
Blochmannia
floridanus
secondary
endosymbiont of
Heteropsylla
cubana
secondary
endosymbiont of
Ctenarytaina
eucalypti
Candidatus
Regiella insecticola
Candidatus
Hamiltonella
defensa
primary
endosymbiont of
Sitophilus oryzae
Raoultella
ornithinolytica
Providencia stuartii
Proteus mirabilis
Morganella
morganii subsp.
morganii KT
Dickeya zeae
Dickeya dadantii
Edwardsiella tarda
Edwardsiella
ictaluri
Pectobacterium
wasabiae
Pectobacterium
carotovorum
Pectobacterium
atrosepticum
Shigella boydii

PDYL
DIPAFLR
VDYL
DIPAFLR

KQAD

81%

Enterobacteriac
eae
Enterobacteriac
eae

γ

KQSD

N/A

TEYL
DIPAFLR
VDYL
DIPAFLR

K

N/A

Enterobacteriac
eae
Enterobacteriac
eae

γ

KQAD

N/A

MDYL
DIPAFLR

K

N/A

Enterobacteriac
eae

γ

PDYL
DIPAFLR

KQAD

N/A

Enterobacteriac
eae

γ

PDYL
DIPAFLR

KQSD

N/A

Enterobacteriac
eae

γ

PDYL
DIPAFLR
PDYL
DIPAFLR

KQAD

N/A

γ

KQSDQ

68%

Enterobacteriac
eae
Enterobacteriac
eae

LDYL
DIPAFLR

KQAD

79%

Enterobacteriac
eae

γ

PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR

KQAD

87%

γ

KQAD

72%

KQAD

72%

KQAD

71%

Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae

PDYL
DIPAFLR
PDYL
DIPAFLR
DDYL
DIPAFLR
DDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR

KQAD

76%

γ

KQAD

76%

KQAD

80%

KQAD

81%

KQAD

78%

KQAD

78%

KQAD

78%

KQAD

100%

Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
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γ

γ

γ

γ
γ
γ

γ
γ
γ
γ
γ
γ
γ

Shigella sonnei
Shigella
dysenteriae
Shigella flexneri
Citrobacter
rodentium
Citrobacter koseri
Pantoea vagans
Pantoea ananatis
Serratia plymuthica
Serratia symbiotica
Serratia
proteamaculans
Serratia
marcescens
Escherichia
fergusonii
Escherichia albertii
Escherichia coli
Rahnella aquatilis
Enterobacter
aerogenes
Erwinia billingiae
Erwinia pyrifoliae
Erwinia
tasmaniensis
Erwinia amylovora
Klebsiella variicola
Klebsiella oxytoca
Klebsiella
pneumoniae
Photorhabdus
asymbiotica
Shimwellia blattae
Candidatus
Moranella endobia
Candidatus Riesia
pediculicola

PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
KNYL
EIPTFLR

KQAD

100%

KQAD

100%

KQAD

100%

KQAD

93%

KQAD

93%

KQAD

80%

KQAD

80%

KQAD

81%

KQAD

80%

KQAD

80%

KQAD

81%

KQAD

93%

KQAD

97%

KQAD

100%

KQAD

82%

KQAD

85%

KQAD

81%

KQAD

82%

KQAD

80%

KQAD

82%

KQAD

85%

KQAD

87%

KQAD

85%

KQAD

74%

KQAD

82%

KPAD

N/A

KQSE

N/A
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Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae

γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ

Xenorhabdus
nematophila
Xenorbabdus
bovienii
Salmonella bongori
Salmonella enterica
Wigglesworthia
glossinidia
Sodalis
glossinidius
Buchnera
aphidicola
Pseudoxanthomon
as spadix
Pseudoxanthomon
as suwonensis
Xanthomonas
axonopodis
Xanthomonas
campestris pv.
Vesicatoria
Xanthomonas
fuscans
Xanthomonas
axonopodis pv.
citri
Xanthomonas
albilineans
Xanthomonas
oryzae
Xanthomonas
axonopodis
Xanthomonas
campestris
Stenotrophomonas
maltophilia
Frateuria aurantia
Xylella fastidiosa
Legionella
oakridgensis
Legionella
longbeachae
Legionella
pneumophila
Coxiella burnetii
Pseudomonas
monteilii
Pseudomonas
fulva

PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
PDYL
DIPAFLR
SDYL
EIPAFLR
PDYL
DIPAFLR
PEYL
DIPAFLR
DNYL
DIPAFLR
SDYL
DIPAFLR
NDYL
DIPAFLR
NDYL
DIPAFLR

KQAD

76%

Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Enterobacteriac
eae
Xanthomonadal
es
Xanthomonadal
es
Xanthomonadal
es
Xanthomonadal
es

γ

KQAD

76%

KQAD

94%

KQAD

94%

NQAD

N/A

KQAD

80%

KRSD

N/A

RQAD

N/A

RQAD

N/A

RQAD

N/A

RQAD

N/A

NDYL
DIPAFLR
NDYL
DIPAFLR

RQAD

N/A

Xanthomonadal
es
Xanthomonadal
es

γ

RQAD

N/A

SDYL
DIPAFLR
NDYL
DIPAFLR
NDYL
DIPAFLR
NDYL
DIPAFLR
NDYL
DIPAFLR
NDYL
DIPAFLR
SDYL
DIPAFLR
VDYL
DIPAFLR
VDYL
DIPAFLR
VDYL
DIPAFLR
FEYL
DIPAFLR
LDYL
DIPAFLR
LDYL
DIPAFLR

RQAD

N/A

γ

43%

Xanthomonadal
es
Xanthomonadal
es
Xanthomonadal
es
Xanthomonadal
es
Xanthomonadal
es
Xanthomonadal
es
Xanthomonadal
es
Legionellales

RQAD

N/A

RQAD

N/A

RQAD

N/A

RQAD

N/A

RQAD

N/A

RQAD

N/A

RQEE
RQEE

N/A

Legionellales

γ

RQEEA

44%

Legionellales

γ

RQEE

49%

Legionellales

γ

RQAD

N/A

γ

RQAD

N/A

Psuedomonadal
es
Psuedomonadal
es
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γ
γ
γ
γ
γ
γ
γ
γ
γ
γ

γ

γ
γ
γ
γ
γ
γ
γ

γ

Pseudomonas
putida
Pseudomonas
stutzeri
Pseudomonas
poae
Pseudomonas
protegens
Pseudomonas
fluorescens
Pseudomonas
denitrificans
Pseudomonas
resinovorans
Pseudomonas
mendocina
Pseudomonas
aeruginosa
Pseudomonas
syringae
Azotobacter
vinelandii
Cellvibrio
japonicus
Pseudomonas
brassicacearum
Pseudomonas
entomophila
Moraxella
catarrhalis
Psychrobacter
arcticus
Psychrobacter
cryohalolentis
Acinetobacter
oleivorans
Acinetobacter
calcoaceticus
Acinetobacter
baumannii
Thalassolituus
oleivorans
Marinomonas
mediterranea
Marinomonas
posidonica
Halomonas
elongata
Chromohalobacter
salexigens
Hahella chejuensis
Kangiella koreensis

LDYL
DIPAFLR
LDYL
DIPAFLR
LDYL
DIPAFLR
LDYL
DIPAFLR
LDYL
DIPAFLR
LDYL
DIPAFLR
LDYL
DIPAFLR
LDYL
DIPAFLR
LDYL
DIPAFLR
LDYL
DIPAFLR
LDYL
DIPAFLR
LEYL
DIPAFLR
LDYL
DIPAFLR
LDYL
DIPAFLR
PKPI
SVGTFLQ
SKTN
SIQDYLK
TKTN
SIQDYLK
SSPM
SIQDYLK
SSPM
SIQDYLK
SSPM
SIQDYLK
MDYL
DIPAFLR
LSYL
DIPAFLR
LSYL
DIPAFLR
DDYL
DIPAFLR
DDYL
DIPAFLR
VDYL
DIPAFLR
DNFL
DIPAFLR

RQAD

N/A

RQAD

N/A

RQAD

N/A

RQAD

N/A

RQAD

N/A

RQAD

N/A

RQAD

N/A

RQAD

N/A

RQAD

N/A

RQAD

N/A

RQAD

N/A

RQAD

N/A

RQAD

N/A

RQAD

N/A

REQQKNS

N/A

RQQNK

N/A

RQQNK

N/A

NQQRK

N/A

NQQRK

N/A

NQQRK

N/A

RQAD

N/A

RQAD

N/A

RQAD

N/A

RQAD

N/A

RQAD

N/A

RQAD

N/A

KQAD

56%

228

Psuedomonadal
es
Psuedomonadal
es
Psuedomonadal
es
Psuedomonadal
es
Psuedomonadal
es
Psuedomonadal
es
Psuedomonadal
es
Psuedomonadal
es
Psuedomonadal
es
Psuedomonadal
es
Psuedomonadal
es
Psuedomonadal
es
Psuedomonadal
es
Psuedomonadal
es
Psuedomonadal
es
Psuedomonadal
es
Psuedomonadal
es
Psuedomonadal
es
Psuedomonadal
es
Psuedomonadal
es
Oceanospirillale
s
Oceanospirillale
s
Oceanospirillale
s
Oceanospirillale
s
Oceanospirillale
s
Oceanospirillale
s
Oceanospirillale
s

γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ

Alcanivorax
dieselolei
Alcanivorax
borkumensis
Methylomonas
methanica
Methylomicrobium
alcaliphilum
Methylococcus
capsulatus
Thioflavicoccus
mobilis
Thiocystis
violascens
Marichromatium
purpuratum
Nitrosococcus
watsonii
Nitrosococcus
halophilus
Nitrosococcus
oceani
Allochromatium
vinosum
Spiribacter salinus
Thioalkalivibrio
nitratireducens
Thioalkalivibrio
thiocyanoxidans
Thioalkalivibrio
sulfidophilus
Halorhodospira
halophila
Alkalilimnicola
ehrlichii
Halothiobacillus
neapolitanus
Vibrio campbellii
Vibrio alginolyticus
Vibrio
parahaemolyticus
Vibrio
nigripulchritudo
Vibrio anguillarum
Vibrio furnissii
Aliivibrio
salmonicida
(Alii)Vibrio fischeri

LDFI DIPTFLR

RQAD

N/A

γ

55%

Oceanospirillale
s
Oceanospirillale
s
Methylococcace
ae
Methylococcace
ae
Methylococcace
ae
Chromatiales

LDFI DIPTFLR

RQAD

N/A

LEYL
DIPAFLR
MDYL
DIPAFLR
LEYL
DIPAFLR
LDYL
DIPAFLR
MDYL
DIPAFLR
LDYL
DIPAFLR
MDYL
DVPAFLR
MDYL
DVPAFLR
MDYL
DVPAFLR
LDYL
DIPAFLR
MEYL
DIPAFLR
IDVL
DIPAFLR
IDVL
DIPAFLR
MDYL
DIPAFLR
MEYL
DIPAFLR
MEYL
DIPAFLR
MDVI
DIPSFLR
SGYL
DIPAFLR
SGYL
DIPAFLR
SGYL
DIPAFLR
NGYL
DIPAFLR
NGYL
DIPAFLR
SGYL
DIPAFLR
EDYL
DIPAFLR
EDYL
DIPAFLR

RQAD

53%

RQAD

51%

RQAD

54%

RQAD
RQAD

55%

Chromatiales

γ

RQAD

57%

Chromatiales

γ

RQAD

N/A

Chromatiales

γ

RQAD

57%

Chromatiales

γ

RQAD

N/A

Chromatiales

γ

RQAD

56%

Chromatiales

γ

RQAD

53%

Chromatiales

γ

KQAD

53%

Chromatiales

γ

KQAD

51%

Chromatiales

γ

KQAD

54%

Chromatiales

γ

RQAD

53%

Chromatiales

γ

RQAD

53%

Chromatiales

γ

QQAD

52%

Chromatiales

γ

RQAD

66%

Vibrionaceae

γ

RQAD

66%

Vibrionaceae

γ

RQAD

65%

Vibrionaceae

γ

RQAD

66%

Vibrionaceae

γ

RQAD

67%

Vibrionaceae

γ

RQAD

64%

Vibrionaceae

γ

RQAD

62%

Vibrionaceae

γ

RQAD

61%

Vibrionaceae

γ
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γ
γ
γ
γ
γ

Vibrio splendidus
Vibrio cholerae
Vibrio vulnificus
Cycloclasticus
zancles
Thiomicrospira
crunogena
Thioalkalimicrobiu
m aerophilum
Thioalkalimicrobiu
m cyclicum
Francisella
noatunensis
Francisella
philomiragia
Francisella
novicida
Francisella
tularensis
Mannheimia
varigena
Mannheimia
haemolytica
Bibersteinia
trehalosi
Actinobacillus suis
Actinobacillus
succinogenes
Actinobacillus
pleuropneumoniae
serovar
Pasteurella
multocida
Haemophilus
parainfluenzae
Haemophilus
ducreyi
Haemophilus
parasuis
Haemophilus
influenzae
Gallibacterium
anatis
Aggregatibacter
aphrophilus
Aggregatibacter
actinomycetemcom
itans
Mannheimia
succiniciproducens

SGYL
DIPAFLR
SGYL
DIPAFLR
SGYL
DIPAFLR
PAYL
DIPAFLR
SNYL
DIPAFLR
SNYL
DIPAFLR
NNYL
DIPAFLR
VNKS
DIPSFLR
VNKS
DIPSFLR
VNKS
DIPSFLR
VNKS
DIPSFLR
FNPS
SIPGFMR
FNPN
SIPGFMR
FSPA
SMPDFMR
WSPN
SIPGFMR
NNDL
FKPAFLR
WSPN
SIPGFMR

RQAD

66%

Vibrionaceae

γ

RQAD

65%

Vibrionaceae

γ

RQAD

67%

Vibrionaceae

γ

RQAD

57%

Thiotrichales

γ

RQVD

N/A

Thiotrichales

γ

RQVD

N/A

Thiotrichales

γ

RQVD

N/A

Thiotrichales

γ

RR

N/A

Thiotrichales

γ

RR

N/A

Thiotrichales

γ

RK

N/A

Thiotrichales

γ

RR

N/A

Thiotrichales

γ

NSQ

N/A

Pasteurellales

γ

NSQ

N/A

Pasteurellales

γ

NRNNG

N/A

Pasteurellales

γ

NGQ

N/A

Pasteurellales

γ

GNNQ

N/A

Pasteurellales

γ

NGQ

N/A

Pasteurellales

γ

TSIL DTPITAR

TSITCKK

N/A

Pasteurellales

γ

PNFF
NPASFGR
WSPN
SIPGFMR
FSPS
SMPDFMR
QRPL
DKPITDR
SKLF
DLPTFLR
DSLF
NVRDFMR
TNLF
NVQGFMR

DEK

N/A

Pasteurellales

γ

NGQ

N/A

Pasteurellales

γ

NGQ

N/A

Pasteurellales

γ

LEAFKKNNFFNPAQ
REEN
DNAN

N/A

Pasteurellales

γ

N/A

Pasteurellales

γ

NNDK

N/A

Pasteurellales

γ

NGDK

N/A

Pasteurellales

γ

NNDL
FKPAFLR

GDK

N/A

Pasteurellales

γ
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Histophilus somni
Acidithiobacillus
ferrivorans
Acidithiobacillus
caldus
Acidithiobacillus
ferrooxidans
Dichelobacter
nodosus

FRPV
DPTSFSR
YADL
DIPAFLR
YSDL
DIPAFLR
YADL
DIPAFLR
PEGY
SLASILR

D

N/A

Pasteurellales

γ

RQAD

46%

γ

RQAD

45%

RQAD

47%

KKVK

48%

Acidithiobacillal
es
Acidithiobacillal
es
Acidithiobacillal
es
Cardiobacteriac
eae

γ
γ
γ

ZapD homology(%) was defined by comparing sequence similarity between ZapD in each strain to E.coli
ZapD (as 100%).
a
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